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Experimental investigation on the microscopic structure of 
intrinsic paramagnetic point defects in amorphous silicon dioxide 
 
 
Introduction 
 
 
 
Silicon dioxide in its crystalline (c-SiO2) and amorphous (a-SiO2) forms plays a 
fundamental role in most of the modern technologies [1, 2]. However, although the c-SiO2, 
whose most common form is the α-quartz, is considered a key material for high precision 
oscillators and frequency standards, the major interest regards a-SiO2 which offers a wider field 
of relevant applications [1, 2]. The latter is used as the core material in low-loss optical fibers, in a 
wide variety of refractive and trasmissive optics and it is found in the gate terminal of almost the 
totality of the modern metal-oxide-semiconductor (MOS) devices [1, 2]. Nevertheless, a 
drawback of the presence of a-SiO2 in these systems is connected with the fact that, as a 
consequence of the manufacturing process, or exposing them to ionizing radiation, several types 
of point defects are generated in a-SiO2, affecting the performance of the devices and, in many 
cases, causing their definitive failure [1, 2]. The deleterious effects of point defects are connected 
with their ability to give rise to optical absorption (OA) and luminescence (PL) bands, to induce 
refraction index variations and to act as charge traps [1, 2]. In particular, this latter property 
influences the electronic properties of MOS devices determining a deleterious threshold voltage 
shift [3-7].  
In general, a point defect can be visualized [1, 2] as a local distortion of the atomic 
structure caused by a bond rupture, an over or undercoordinated atom, the presence of an 
impurity atom (homo or heterovalent substitution, interstitial,…), etc. These defects are usually 
indicated as intrinsic when they are due to irregular arrangements of the crystal atoms (Si and O 
for SiO2), and extrinsic when they are related to impurities (atoms differing from Si or O). A 
further general classification of the point defects can be made on the basis of their electronic 
configuration: those having unpaired electrons constitute paramagnetic defects, and the others are 
diamagnetic defects. Both typologies could in principle exhibit optical activities as OA and PL of 
visible and ultraviolet radiation. Instead, only the paramagnetic defects have a further feature 
since they have a non-zero magnetic moment, due to unpaired electrons, and are responsible for 
the magnetic resonance absorption.  
Although the definitions given above apply to both crystalline and amorphous SiO2, many 
properties of the formed defects differ significantly depending on the nature of the hosting 
matrix [1, 2]. First of all, due to the larger flexibility of the disordered a-SiO2 matrix with respect 
to that of α-quartz, a larger variety of defective structures are expected to be accommodated in a-
SiO2 than in α-quartz. In addition, also the properties of the same defect induced in a-SiO2 or in 
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α-quartz differ. In fact, while in the amorphous structure a point defect explores a variety of 
statistically distributed environments, in α-quartz the number of possible environments is limited 
by the number of inequivalent sites of the crystalline primitive cell in which the defect can be 
located [1, 2]. As a consequence of this property, the spectral features of a defect in a-SiO2 usually 
appear more broadened than in α-quartz, so making the interpretation of the spectra more 
complicated [1, 2, 8, 9].   
Up to date the most relevant information on the microscopic structure of the point 
defects in a-SiO2, and more in general in insulating materials, have been obtained by continuous 
wave electron paramagnetic resonance (EPR) spectroscopy, which is only applicable to 
paramagnetic point defects. The key role played by this technique is connected with its ability to 
obtain relevant information on the atomic scale structure of the center under study [1, 2, 8, 10]. 
Once the main microscopic structure of a paramagnetic point defect has been established by 
EPR, then OA and PL spectroscopies are usually employed to determine the energetic levels 
configuration of the defect [1, 2].  
 
In the present Ph.D. Thesis we report an experimental investigation on the effects of γ- 
and β-ray irradiation and of subsequent thermal treatment on many types of a-SiO2 materials, 
differing in the production methods, OH- and Al-content, and oxygen deficiencies. Our main 
objective is to gain further insight on the microscopic structures of the E’γ, E’δ, E’α and triplet 
paramagnetic centers, which are among the most important and studied class of radiation 
induced intrinsic point defects in a-SiO2. To pursue this objective, for the reasons reported 
above, we use prevalently the EPR spectroscopy. In particular, our work is focused on the 
properties of the unpaired electrons wave functions involved in the defects, and this aspect is 
mainly investigated through the study of the EPR signals originating from the interaction of the 
unpaired electrons with 29Si magnetic nuclei (with nuclear spin I=½ and natural abundance 4.7 
%). In addition, in some cases of interest, OA measurements are also performed with the aim to 
further characterize the electronic properties of the defects. Furthermore, due to its relevance for 
electronics application, the charge state of the defects is investigated by looking at the processes 
responsible for the generation of the defects of interest. Once these information were gained, the 
possible sites that can serve as precursors for defects formation are deduced, with the definitive 
purpose to obtain in the future more radiation resistant a-SiO2 materials in which the deleterious 
effects connected with the point defects are significantly reduced. 
 
This Ph.D. thesis is organized in 8 chapters. Chapter 1 briefly summarizes the principles 
of the experimental techniques we have used in the present work. Chapter 2 reviews the main 
structural properties of α-quartz and a-SiO2 together with the current understanding and open 
questions regarding their point defects. Chapters 3 and 4 concern experimental procedures and 
materials employed, respectively. In Chapters 5, 6 and 7 we report and discuss the results of our 
experimental investigation. Finally, in Chapter 8 we summarize our results and briefly discuss the 
perspectives for future works.  
 
Chapter 1 
 
Experimental techniques 
 
 
 
The main interest of the present Thesis concerns the study of the point defects in 
amorphous silicon dioxide (a-SiO2). The formation of these defects usually involves a radiation-
induced removal of an electron from a chemical bond [1, 2]. As a result the bond breaks, and an 
unpaired electron, having a non-zero magnetic moment, remains in a non-bonding orbital. The 
electron paramagnetic resonance (EPR) spectroscopy is a powerful tool applied to these systems, 
mainly aiming to gain structural and chemical information. Once these information are gained, 
the possible sites that can serve as precursors for defects formation upon irradiation are 
investigated with the definitive purpose to obtain more radiation resistant a-SiO2 materials in 
which the deleterious effects connected with the formation of point defects are significantly 
reduced [1, 2]. In addition, together with the EPR technique, the optical absorption (OA) 
spectroscopy is used for exploring the presence of point defects and for characterizing their 
electronic levels distribution.  
The present chapter is devoted to introduce some theoretical backgrounds necessary to 
the comprehension of the reported experimental results. We mainly focus on the EPR technique, 
as its role is particularly relevant for the present work, but some aspects of the optical absorption 
technique are also treated.  
 
 
 
1.1 Electron paramagnetic resonance spectroscopy 
 
The EPR spectroscopy [11-15] can be applied to systems with non zero electronic 
magnetic moment, arising from both electron spin and orbital angular momenta. In a typical EPR 
experiment the sample under study is placed in two external magnetic fields pointing in 
orthogonal directions [11-15]. The first field, H, makes the ground state energetic levels spread as 
a consequence of the interaction of the electronic magnetic moment with H, the ensuing splitting 
being ∼0.3 cm-1 for magnetic fields of ∼300 mT [11-15]. The second external magnetic field, H1 
(
1H « )H , with amplitude oscillating at a microwave frequency, is used to induce resonant 
transitions between the states splitted by H [11-15].  
The relevance of the EPR spectroscopy is mainly connected with its ability to put forward 
important information on the chemical composition and on the microscopic structure of the 
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paramagnetic centers under study [11-16]. Typical systems to which the EPR spectroscopy is 
currently applied include [11-15]: 
 
i) Isolated atoms and ions; 
ii) Free radicals in solid, liquid or gaseous phases; 
iii) Ions of the transition metal and actinide group in solids; 
iv) Localized imperfections in solids (point defects); 
v) Systems with conduction electrons. 
  
 
 
1.1.1 Spin Hamiltonian 
 
Ions with filled electronic shells, and consequently with zero magnetic moment, are 
usually present in solid systems. However, this is not the only possible situation. The transition 
ions embedded in a solid, for example, in many cases possess partially filled electronic shells and 
a magnetic moment due to orbital and spin angular momenta is associated to them [12, 13, 15]. 
The properties of an ion in a solid are generally very different with respect to those of the 
isolated one, as a consequence of the interaction of the ion with the surrounding ones located at 
distances of about 0.2 ÷ 0.3 nm. The energy of this interaction typically falls in the range from 102 
cm-1 to 104 cm-1 [12].   
From a general point of view, two different methods to study the magnetic properties of 
a paramagnetic center in a solid exist [12, 13]. The first one is the crystalline field method [12, 13] 
which consists in supposing that the electronic wave functions of the paramagnetic center are 
highly localized on a single ion and that the only effect of the surrounding ions on the 
paramagnetic center is to produce an electric field on it. As a consequence of the presence of this 
electric field, the electronic energy levels of the paramagnetic center undergo a Stark shift. A 
second more sophisticated method consists in considering the electronic wave function 
distributed over a group of atoms forming molecular orbitals of type σ and π, instead of the 
atomic ones [12, 13]. While the crystalline field method is applicable exclusively to systems with pure 
ionic bonds, the latter method permits to treat systems with covalent bonds.  
In both physical situations, the result is the appearance of groups of levels with nearly 
equal energies. The details of the energy levels frame strictly depends on the symmetry properties 
of the paramagnetic center and they can be predicted by the group theory method [12]. An important 
theorem in this context, due to Kramers, assures that the ground state of a paramagnetic system 
in absence of an external magnetic field is at least doubly degenerate, provided that an odd 
number of electrons are involved [12]. 
As mentioned above, the transitions involved in the EPR measurements occur between 
energy levels split apart by ~ 0.3 cm-1. Consequently, in EPR studies the only groups of energy 
levels of interest are those which are degenerate (or nearly degenerate) in absence of an external 
magnetic field. The paramagnetic system is usually studied by introducing the effective spin 
Hamiltonian (or simply spin Hamiltonian) which permits to investigate the effects of the external 
magnetic fields on the paramagnetic systems by restricting oneself to consider only the nearly 
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degenerate group of states of interest [12, 13]. The spin Hamiltonian operator is written in terms of 
a effective spin operator S chosen in such a way that 2S+1 is equal to the number of states of the 
group considered [12, 13]. However, in many cases, the spin Hamiltonian of a paramagnetic center 
is deduced by empirical considerations, as it can not be obtained theoretically starting from the 
true Hamiltonian operator describing the interactions acting on the system. One of the most 
important cases in which the spin Hamiltonian can be obtained explicitly is that of the transition 
ions in a crystal host, which can be treated in the context of the crystalline field theory [12, 13]. In 
addition, by introducing molecular orbital wave functions, a method has been developed which 
permits, under opportune hypothesis, to study systems involving covalent bonds. Examples of 
application of these two methods are discussed in more details in the following [16]. 
 
 
 
1.1.2 Zeeman interaction and ĝ tensor 
 
In a typical EPR experiment the paramagnetic sample is placed in a static and uniform 
magnetic field H. The effect of the interaction of the microscopic magnetic moment of the 
system under study with the external magnetic field can be described by the Zeeman operator 
[11-15]: 
 
                                                 Hˆ zeeman= - µT ·  H (1)               (1.1) 
 
where µ is the magnetic moment of the paramagnetic center. In the simple and common case in 
which the magnetic moment is due to the electronic spin angular momenta alone, the Zeeman 
interaction operator can be simplified as follow: 
 
                                               Hˆ zeeman= ge µB HT ·  S                                  (1.2) 
 
where ge≅2.00232 is the electronic splitting factor, µB=9.27408·10-24 J/T is the Bohr magnetic 
moment and S is the spin operator in units of ħ=h/2π=(1/2π)·6.62618·10-34 J/s. The 
eigenvalues of Hˆ zeeman, which represent the energy levels of the system, are given by 
 
              
sm
ε = ge µB H ms       (1.3) 
 
where ms is the eigenvalue of the component of S along the direction of H. Eq. (1.3) shows that, 
as a consequence of the interaction of the paramagnetic system with the static magnetic field 
(Zeeman interaction), a splitting of the energy levels with different values of ms occurs. In EPR 
experiments the system is at the same time subjected to a second magnetic field H1 ( 1H « )H  
directed perpendicularly to H and with amplitude oscillating at a microwave frequency [11-15]. 
                                                 
1 The apex symbol T adjacent to an operator, as µT in Eq. (1.1), indicates that the transpose of the matrix 
representing the operator has to be considered in the product of matrixes. 
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The aim of this oscillating field is to induce transitions between pairs of states energetically 
separated by the Zeeman interaction. These transitions occur when the energy of the microwave 
photons, hν, matches the energy difference between a pair of levels with ms=j and ms=j+1, 
where the magnetic dipole selection rules ∆ms=±1 have been imposed [11-15]. The acquisition of 
an EPR spectrum consists in the measurement of the energy absorbed by the paramagnetic 
system from the microwave field as a function of the amplitude of H and at fixed amplitude and 
frequency of the magnetic field H1 [11-15].  
For systems in which the magnetic moment µ is due to the electron spin S =½, which are 
of principal interest in the present Thesis, the energies of the states with ms= ½ and ms= -½ are 
simply 
 
              ε±½= ± ½ ge µB H     (1.4) 
 
and the resonance occurs at a given field Hr such that  
 
                     h ν = ge µB Hr     (1.5) 
 
where ν is the frequency of the oscillating magnetic field H1. Note that from Eq. (1.5) it follows 
that for a simple system of paramagnetic centers with S=½ only a transition in correspondence 
to a static magnetic field 
Be
r µg
νh
=H  occurs. 
Until now we have supposed that the paramagnetic centers are isolated. However, in 
many physical systems of interest, as for many point defects in solids, the paramagnetic centers 
interact with the surrounding atoms and consequently the EPR spectrum usually differs 
significantly with respect to that described by the Hamiltonian of Eq. (1.2) [12, 13, 15]. One of 
the most important consequences of these interactions is that, due to the spin-orbit interaction 
between the electron spin and orbital angular momenta, the electronic spectroscopic splitting 
factor ge has to be replaced by a matrix operator [12, 13, 15]. Consequently, the Zeeman 
interaction is described by the following Hamiltonian [12, 13, 15]:  
 
               Hˆ zeeman= µB HT ·  ĝ ·  S = µB 
z
y
x
zzzyzx
yzyyyx
xzxyxx
zyx
S
S
S
ggg
ggg
ggg
HHH         (1.6)  
 
where ĝ is the spectroscopic splitting 3x3 matrix operator and x, y, and z are the axes of the 
laboratory frame of reference. The vector HT· ĝ in Eq. (1.6) can be regarded as a vector resulting 
from a transformation of the actual field H to an effective one [15]  
 
                                                    Heff = ge-1 HT ·  ĝ     (1.7) 
 
In general, Heff and H point in different directions. The modulus of Heff can be estimated as 
follow  
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        Heff = ge-1 [(HT ·  ĝ)T · (HT ·  ĝ)]½ = { ge-1 [nT · (ĝ ·  ĝT) ·  n]½} H = (geff / ge) H  (1.8) 
 
where n=H/H is the unit vector along H and geff = [nT · (ĝ · ĝT) · n]½ is the effective 
spectroscopic splitting factor. The value of geff depends on the orientation of the external 
magnetic field H with respect to the axes of symmetry of the paramagnetic center. Considering 
the quantization of the spin angular momentum along Heff, from Eq. (1.6)  one obtains the 
following energy levels of the system 
 
                          
sm
ε ′ = µB ge Heff
T ·  S = µB ge Heff sm′ = geff µB H sm′    (1.9) 
 
where sm′  is the eigenvalue of the component of S along the direction of Heff. Eq. (1.9) is similar 
to Eq. (1.3) but for the substitution of the isotropic ge with the directional dependent geff. For a 
system with S=½, in analogy with Eq. (1.4) and Eq. (1.5), the transition occurs in correspondence 
to a static magnetic field 
Beff
r µg
νh
=H  . However, in the present case the line position in the EPR 
spectrum corresponding to this transition depends, through geff, on the relative orientation of H 
with respect to the symmetry axes of the paramagnetic center.  
 
One of the most important steps towards the identification of the relevant structural 
properties of a paramagnetic center consists in the determination of its ĝ matrix, as defined in 
Eq. (1.6) [12, 13, 15, 16]. This objective is accomplished through the knowledge of the matrix 
elements of the operator ĝ · ĝT, which, in fact, is the quantity that can be obtained by EPR 
measurements, instead of ĝ [see Eq. (1.8)]. In particular, the matrix elements of ĝ · ĝT, expressed 
with respect to the laboratory frame of reference, are obtained by evaluating the geff values from 
the line positions of the resonances in correspondence to various relative angles between the 
external field H and the crystal axes of the sample under study [15]. In general, this procedure is 
concluded when all the six independent matrix elements of the symmetric operator ĝ · ĝT have 
been obtained. The successive step towards the determination of ĝ consists in the transformation 
of the matrix ĝ· ĝT into a diagonal form. This is accomplished by finding a matrix C such that 
[15] 
 
C · (gˆ  · )Tgˆ · TC
ZzZyZx
YzYyYx
XzXyXx
CCC
CCC
CCC
= ·
( ) ( ) ( )
( ) ( ) ( )
( ) ( ) ( )g•gg•gg•g
g•gg•gg•g
g•gg•gg•g
zz
T
zy
T
zx
T
yz
T
yy
T
yx
T
xz
T
xy
T
xx
T
ˆˆˆˆˆˆ
ˆˆˆˆˆˆ
ˆˆˆˆˆˆ
· =
CCC
CCC
CCC
ZzYzXz
ZyYyXy
ZxYxXx
 
 
         
( )
( )
( )
( )T
T
T
T
gg
gg
gg
gg
ˆˆ
ˆˆ
ˆˆ
ˆˆ
•
•
•
•
D
Z
Y
X
=
00
00
00
=       (1.10) 
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where C is the matrix which transforms ĝ · ĝT into its diagonal form D(ĝ · ĝT). The matrix 
elements of C are the direction cosines connecting the principal axes of the paramagnetic center, 
X, Y and Z, to the axes of the laboratory frame of reference, x, y and z.  Once D(ĝ ·  ĝT) is 
known, the ĝ matrix is obtained by taking the positive square roots of the diagonal elements of 
D(ĝ ·  ĝT), which give Dĝ, and then applying the reverse transformation of Eq. (1.10): ĝ = CT · Dĝ 
· C [15]. From a general point of view, although the ĝ matrix obtained with this method correctly 
reproduces the position and the intensity observed in the experiments, it could differ with respect 
to that defined in Eq. (1.6). In fact, if this latter matrix is asymmetric, then its principal-axes 
system is not an orthogonal one, thus differing from that obtained from ĝ ·  ĝT. Furthermore, 
since the diagonal elements of Dĝ are obtained as square roots of the diagonal elements of D(ĝ · 
ĝT), their signs are, in general, undetermined. As a consequence, in principle, the “conventional” 
ĝ matrix obtained experimentally should be distinguished by the “true” one defined in Eq. (1.6) 
[15]. In the present Thesis, the principal values of the ĝ matrix estimated by EPR measurements 
refers to the “conventional” ones, although it will not be further indicated.    
 
Now that the main properties of the ĝ matrix have been discussed, the way in which the 
spin-orbit coupling affects the energy levels and gives rise to anisotropic features of the EPR 
spectrum is treated in more details. The contribution to the overall spin Hamiltonian of a 
paramagnetic center comprising orbital magnetic moment and spin-orbit coupling is [14, 17] 
        
     Tspin HBe µg=Hˆ · T+ SS 22
e
cm2
e g
· ( ) ( )[ ] ( TpAprE 0 2m
e
e ++× · T00 AA + · ) 1p ˆ2
2
0
A
2m
e
+   (1.11) 
 
where E(r) is the electric field, p is the linear momentum operator, A0 is the vector potential 
associated to the external magnetic field H, c the velocity of light in vacuum, whereas e and m are 
the electronic charge and mass, respectively. The first term is the usual Zeeman energy associated 
with the spin magnetic moment, the second term describes the spin-orbit interaction, whereas the 
last two terms take into account the coupling of the orbital magnetic moment with the external 
magnetic field [14, 17]. For a system consisting in an electron highly localized on a single atom 
weakly interacting with the surrounding, the relevant terms of Eq. (1.11) can be simplified as 
follows [14]  
 
                                     Tspin HBµ=Hˆ ·  ( ) TLSL λ++ eg ·  S    (1.12) 
 
where λ is the spin-orbit coupling constant and L the angular momentum operator in units of ħ. 
Among the systems which can be properly described by the spin Hamiltonian of Eq. (1.12), a 
subclass can be defined which deserves a dedicated treatment. These systems are characterized by 
the fact that the Zeeman and the spin-orbit interactions are small compared to the atomic 
Hamiltonian comprising electronic kinetic and potential energy terms. Furthermore, we suppose 
that the ground state orbital angular momentum is zero. Under these hypothesis, by using a 
perturbative approach up to second order corrections, it is possible to show that the spin 
Hamiltonian of Eq. (1.12) can be written as [15] 
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                                     Tspin HBµ=Hˆ ·  gˆ ·  
TSS + ·  Dˆ ·  S   (1.13) 
 
where 
                                 Λ1g ˆ2λgˆ e +=                (1.14a) 
 
                                                          ΛD ˆλˆ 2=                                (1.14b) 
 
with 
 
                                    ∑
≠ -
 -==
Gn Gn
zzzyzx
yzyyyx
xzxyxx
EE
GnnG
ΛΛΛ
ΛΛΛ
ΛΛΛ
LL
Λˆ     (1.15) 
 
where G  and n  are the spatial parts of the ground state and of the excited states of the 
system, respectively, whereas EG and En are their energies. The term TS · Dˆ · S  in Eq. (1.13) 
describes the electronic quadrupole interaction and affects the energy levels of a paramagnetic 
system only if S>½. Eq. (1.14a) evidences that the deviations of ĝ from the value of the free 
electron, ge, and its anisotropic nature are due to the term Λˆλ 2 , originating from the spin-orbit 
interaction. In general, the calculation of the elements Λij of the matrix Λˆ  is not a simple task, 
mainly because realistic expressions of n  and En-EG are not known. However, in many cases of 
interest a large number of properties of the paramagnetic center can be deduced from Eqs. 
(1.13)-(1.15) by applying simple symmetry considerations. 
 
Another class of systems which deserves a dedicated treatment involves the paramagnetic 
centers consisting in an unpaired electron prevalently localized in the dangling bond orbital of an 
atom coordinated to other three atoms by covalent bonds [16, 17]. The overall molecular system 
forms the broken tetrahedron structure schematically shown in Figure 1.1 (a). Among the 
paramagnetic centers which fall in this class, the most important and pertinent to the arguments 
discussed in the present Thesis are the E’ point defects in crystalline and amorphous SiO2, for 
A 
X 
Figure 1.1  (a) Broken tetrahedron structure. (b) Energetic levels scheme for the structure shown in (a). 
In (b), red arrows represent electrons, whereas blue arrows indicate the two possible transitions among 
the electronic levels of the molecule.  
  
 
(a) 
 
(b) 
 
ρ 
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which A=Si and X=O in Figure 1.1 (a) [18]. The principal g values of the broken tetrahedron 
structure have been obtained starting from the general spin Hamiltonian of Eq. (1.11) and 
constructing the proper local molecular orbitals of the system by the LCAO (Linear Combination 
of Atomic Orbitals) method [16-18]. In particular, this procedure was used by Watkins and 
Corbett [16, 17] in the study of the E center in crystalline silicon, and by Silsbee [19] and Feigl 
and Anderson [18] for the E’1 center in α-quartz. In its most general form, the principal g values 
of these defects can be written as [18] 
 
                                                          g|| = ge         (1.16) 
 
                                   ( )( ) ( )( )

 ++−−−+=⊥
ab
2
3pe E
δ1γ1
E
δ1γ1Cλgg     (1.17) 
 
where 23pC is the  percentage of the 3p atomic orbital of A involved in the unpaired electron 
wave function, whereas Eb and Ea [shown in Figure 1.1 (b)] are the differences between the 
energy of the dangling bond state and those of the valence (made by the A-X bonding orbitals) 
and conduction (made by the A-X antibonding orbitals) states, respectively [18]. The parameters 
γ and δ are small corrections (γ«1, δ«1) to the ⊥g value  introduced in order to make the hybrid 
orbitals of the outer shell of the A atom orthogonal to the core states and to take into account a 
partial ionic character of the A-X bonds, respectively [18]. It is worth to note that, although the 
rough approximations introduced in the treatment of the problem limit the possibility to obtain 
from Eqs. (1.16) and (1.17) principal g values in quite good quantitative agreement with those 
estimated experimentally, the functional dependences expressed by these equations could give 
important information on the system under study. In particular, on the basis of the Eq. (1.16) it is 
expected that the g|| value of different paramagnetic centers, all characterized by the broken 
tetrahedron structure, should differ little from each other and with respect to the free electron 
value ge, whereas from Eq. (1.17) one can obtain a sketch of the functional dependence of ⊥g on 
the physical quantities λ , 23pC , Ea, Eb, γ and δ characterizing the system.  
 
 
 
1.1.2.1   The powder EPR line shape 
 
When a paramagnetic sample consists of powdered crystal or it is in amorphous form, the 
EPR spectrum changes considerably with respect to that of the single crystal [11, 15, 20, 21]. In 
the former case, in fact, the observed EPR spectrum arises from the superposition of a multitude 
of single crystal spectra, each one corresponding to a specific orientation of the principal 
symmetry axes of the paramagnetic center with respect to the direction of the external magnetic 
field [11, 15, 20, 21]. Nevertheless, as it is shown in the present paragraph, the principal g values 
of the paramagnetic center can be obtained from the resonance line again by estimating the 
positions of some specific spectral features in the EPR spectrum [11, 15, 20, 21].  
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To outline the procedure which permits to obtain the EPR line shape of a powdered 
crystal or of an amorphous sample, we consider the simple case of a S=½ paramagnetic center 
with axial symmetry. For such a center the single crystal resonance magnetic field is given by [12, 
15, 21] 
 
                                  ( )
( ) 21-⊥ +== θcosgθsingµ
hν
µθg
hν
H 2222
BBeff
r ||
     (1.18) 
 
where θ is the angle of the external magnetic field with respect to the symmetry axis of the 
paramagnetic center and it has been posed ( ) ( ) 21⊥ += θcosgθsingθg 2222eff || . Since, for 
hypothesis, all the angles θ in the range 0° ÷ 180° occur with the same probability, the fraction 
N
dN of paramagnetic centers having an angle between θ and θ+dθ is simply equal to the fraction 
of solid angle swept by dθ (shown in Figure 1.2): 
 
                                                     dθsinθ
2
1
N
dN
=       (1.19) 
 
where N is the total number of paramagnetic centers of the system. From Eqs. (1.18) and (1.19), 
after straightforward manipulation, it is found that [21] 
 
                            ( ) dHg
H
2Hgg
H
4H
2
1
N
dN
2
1
2
2
022
||3
2
0
−










−


−


= ⊥⊥    (1.20) 
 
Figure 1.2  Portion of solid angle comprised between θ and θ+dθ. After Ref. 15. 
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with 
B2µ
hν
H
0
= . The distribution function, defined as 
dH
 dN
D(H)= , can be easily obtained from 
Eq. (1.20) and gives the broken line shown in Figure 1.3 (a). With a similar procedure, the 
distribution function for the general case of orthorhombic symmetry can be also found in terms 
of the principal g values g1, g2 and g3. The result of this latter calculation is shown with a broken 
line in Figure 1.3 (b).  
In order to obtain the true EPR line shape it is necessary to take into account the single 
center line shape f(H-Hr) which, in general, can be represented by a Gaussian profile, a 
Lorentzian profile or a combination of both, depending on the specific interactions acting on the 
paramagnetic system [12]. The single center EPR line shape is taken into account by applying the 
following convolution procedure [20-22] 
 
                                    ( ) ( ) ( )∫ -= rrr dHHDHHfHA     (1.21) 
 
The function A(H) is proportional to the EPR absorption line shape and is shown as a 
continuous line in Figure 1.3 for the cases of (a) axial and (b) orthorhombic symmetries. As 
shown, the main effect in considering the single center line shape is the elimination of the 
divergences of the density function D(H) occurring in correspondence to g⊥ [Figure 1.3 (a)] and 
Figure 1.3  EPR absorption line shapes (continuous lines) for paramagnetic centers with (a) axial and (b) 
orthorhombic symmetry obtained from the convolution of the density of states 
dH
 dN
D(H)= (broken lines) 
with the single center line shape (not shown). The lines in (c) and (d) are the first derivatives of those in (a) 
and (b), respectively. Adapted from Ref. 8. 
 
 
 
(a) 
 (b) 
 
(c) (d) 
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g2 [Figure 1.3 (b)]. Since the EPR spectra usually consist of the derivative of the absorption lines, 
in Figure 1.3 (c) and (d) the first derivative of the line shapes shown in Figure 1.3 (a) and (b), 
respectively, are reported. It is worth to note that for the simplest case of an ideal spherically 
symmetric paramagnetic center, the distribution function D(H) is given by the Dirac delta 
function and the absorption profile coincides with the single center line shape.   
From inspection of Figure 1.3 (a)-(d), it is evident that from the EPR spectrum of a 
powdered crystal or of an amorphous sample the principal g values can be estimated, although 
the degree of precision is lower with respect to the case of a single crystal system. For example, 
for a paramagnetic system with orthorhombic symmetry [see Figure 1.3 (d)], the principal g1, g2 
and g3 values can be obtained by measuring in the first derivative spectra the magnetic field 
positions at which the first maximum, the zero crossing and the second minimum of the 
resonance line occur. A similar method can be used to estimate the principal g values in the cases 
of higher symmetry.  
 
 
 
1.1.2.2   Influence of the amorphous-state disorder on the EPR line shape  
 
Although in the previous paragraph the EPR line shapes of powdered crystals and those 
of amorphous materials have been treated in the same way, it is important to underline that an 
important difference exists between these two physical systems. This difference consists in the 
fact that in the amorphous system, in addition to the randomness of the relative orientations of 
the principal symmetry axes of the paramagnetic centers with respect to the external magnetic 
field, a statistical distribution of the spin Hamiltonian parameters has to be considered,  arising 
from the statistical distribution of bond lengths and angles characteristic of the amorphous state.  
The main consequence of this amorphous-state disorder is the smearing of the EPR 
powder line shapes of Figure 1.3 [2]. In some cases, this smearing effect is so large that some 
spectroscopic features observed for a paramagnetic center in a powdered crystal system become 
experimentally unobservable when the same paramagnetic center is embedded in an amorphous 
host. Such effect, for example, is believed to occur for the extrinsic [AlO4]0 center, as it came out 
by comparing the EPR spectra of this point defect in crystalline (powder) and amorphous SiO2 
materials [23]. When such a situation occurs, the only way to obtain a reasonable estimation of 
the principal g values of the paramagnetic center is to perform computer simulations of the 
experimental spectra including in the software the possibility to account for statistically 
distributed spin Hamiltonian parameters [2, 23-25]. At variance, in many cases of interest, the 
smearing effect on the EPR spectrum, due to the amorphous-state disorder, is not so large to 
invalidate the observation of all the relevant spectroscopic features of a paramagnetic center and, 
consequently, the principal g values can, again, be estimated by measuring the position in the 
EPR spectrum of proper features of the resonance line, as discussed at the end of the previous 
paragraph.  
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1.1.3 Hyperfine interaction 
 
In many systems of interest in EPR studies, the unpaired electron responsible for the 
paramagnetic properties is located nearby to one or more atoms with non-zero nuclear spin 
which, consequently, possess a non-zero nuclear magnetic moment. The interaction of the 
magnetic moment of the unpaired electron with those of the nearby nuclei is described by the 
hyperfine Hamiltonian [12-15]. The spin Hamiltonian of a paramagnetic system with S=½, 
including the most relevant terms of the hyperfine interaction, can be written as follows [12-15] 
 
                       Tspin HBµ=Hˆ ·  gˆ ·  (∑
=
+
n
1i
ia
TSS ·  TSI +i ·  iTˆ · ) =iI            
                                THBµ= ·  gˆ ·  (∑
=
+
n
1i
TSS ·  iAˆ ·  )iI                  (1.22) 
 
where it has been posed iii a T1A ˆˆˆ += . The first term in Eq. (1.22) contains electron Zeeman and 
spin-orbit interactions and it has been discussed in the previous paragraphs, whereas the second 
term describes the hyperfine interaction of the unpaired electron with n magnetic nuclei. The 
hyperfine Hamiltonian for each of the n nuclei includes two terms; the first term is the Fermi 
contact one which is isotropic, whereas the second term is due to the dipolar interaction between 
electron and nuclear magnetic moments and is anisotropic [12-15]. In the simple case in which 
the unpaired electron interacts with a single magnetic nucleus, Eq. (1.22) simplifies as follows 
 
                                    Tspin HBµ=Hˆ ·  gˆ ·  
TSS + ·  Aˆ ·  I     (1.23) 
 
From a general point of view, the problem to obtain eigenstates and eigenvalues of the 
paramagnetic system described by the spin Hamiltonian of Eq. (1.23) can be solved in different 
ways, depending on the relative strength of the various interaction terms involved [12-15]. In one 
of the most common situations, which is of particular interest here, the hyperfine terms are small 
compared to the Zeeman electronic one and the principal axes of ĝ and Aˆ  point in the same 
direction. In this special case, the eigenstates and the eigenvalues of the system can be obtained 
from Eq. (1.23) by a sequence of first-order perturbative treatments which first involve the 
Zeeman plus spin-orbit terms and then the hyperfine ones [12]. With this hypothesis and 
referring to an axial symmetric paramagnetic center, for simplicity, the eigenvalues of the spin 
Hamiltonian of Eq. (1.23) can be written as follows [12] 
 
                                        IseffseffBm,m mmAmHgµε Is ′′+′=′′      (1.24) 
 
where Im′  is the eigenvalue of the component of the operator I along the direction of 
quantization, ( ) 21⊥+= θsingθcosgg 2222eff ||  and ( ) 21θsingAθcosgAgA 22222||2||1effeff ⊥⊥- += , in which 
||A and ⊥A  are the principal values of the matrix Aˆ  and θ is the angle between H and the 
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symmetry axis of the paramagnetic center [12]. From Eq. (1.24) it follows that the energy levels 
separated by the Zeeman and spin-orbit interactions, are successively splitted by an amount 
Iseff mmA ′′  by the action of the hyperfine interaction. The strongly allowed transitions of the 
system are obtained from the selection rules ∆ sm′ = 1 and ∆ Im′ = 0 and give rise to (2I+1) equally 
spaced lines whose center of gravity falls at 
Beff
r µg
νh
H =  [12]. It is worth to note that, due to the 
anisotropic term contained in the matrix Â [Eq. (1.23)], the position in the spectrum of each 
component line of the hyperfine multiplet depends on the relative orientation of the external 
magnetic field with respect to the sample under study [12-15] and the value of the constants g||, 
g⊥, ||A and ⊥A can be experimentally estimated by measuring the positions of the hyperfine lines 
for different orientations of the external magnetic field relative to the sample axes [15]. 
Furthermore, when the paramagnetic sample under study consists of powdered crystal or it is in 
amorphous form, analogous considerations to those discussed in Paragraphs 1.1.2.1 and 1.1.2.2 
apply for the hyperfine lines too [15]. 
The occurrence of the hyperfine interaction in a system furnishes one of the most useful 
tools to obtain many important chemical and structural information on the paramagnetic centers 
involved [2, 16-18]. In the following two paragraphs, some of the methods used to pick up these 
information are described, limiting ourself to consider specific physical systems which are of 
particular interest in the present Thesis.   
 
 
 
1.1.3.1 EPR intensity ratio between the hyperfine structure and the main 
resonance line 
 
The first step towards the identification of the relevant properties of a paramagnetic 
center consists in the identification of the chemical species involved. First we consider the 
simplest case in which the unpaired electron is localized on a single chemical species which, 
however, possesses κ isotopes with abundance zi (which can be the natural occurring ones or 
those imposed by a specific production process of the sample), nuclear magnetic moments µi, 
and nuclear spin Ii, with i=1, …, κ. In this case, Eq. (1.22) splits in a set of κ equations, each one 
describing the hyperfine interaction occurring in the paramagnetic centers involving one of the 
possible isotopes 
 
                                   ( ) Tspin HBi µ=Hˆ ·  gˆ ·  TSS + ·  iAˆ ·  iI    (1.25) 
 
where i=1, …, κ and the nuclear magnetic moments µi are contained in iAˆ . For such a system, in 
general, the EPR spectrum consists of κ multiplets. In particular, the mutiplet arising from the 
interaction of the unpaired electron with the isotope i comprises (2Ii+1) lines whose specific 
spectroscopic features are determined by iAˆ . Furthermore, no matter how complex the system 
is, the overall intensity of the multiplet i relative to that of the multiplet j is simply given by the 
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quantity zi/zj, which is the abundances ratio of the two isotopes involved. These simple 
considerations can be extended to comprise the situations in which the electronic magnetic 
moment experiences hyperfine interaction with more than a single nucleus. In the rest of the 
present paragraph we will focus on a specific example of this class of systems, which is 
interesting in connection with the arguments of the present Thesis. 
In the previous discussion it has been assumed that the component lines belonging to an 
hyperfine multiplet can be isolated experimentally from those belonging to the other multiplets. 
However, in many physical systems of interest, this assumption does not hold. For example, such 
a problem occurs when an electronic magnetic moment undergoes an hyperfine interaction with 
more then one equivalent nuclei. In this case, in fact, the hyperfine lines of many distinct multiplets 
superimpose in the EPR spectrum and, consequently, a more appropriated statistical approach 
has to be considered in order to describe the relative overall intensity of each multiplet. To treat 
these type of systems it is simpler to consider a specific example. We assume that the 
paramagnetic center consists in an electronic magnetic moment undergoing hyperfine interaction 
with n equivalent nuclei of the same chemical species, which possesses only two isotopes: the 
first one with nuclear spin I=0 and abundance z0 and the second one with nuclear spin I=½, 
nuclear magnetic moment µ1 and abundance z1=1-z0. In such a system (n+1) physical situations 
can be statistically found, depending on the number k of magnetic nuclei involved in the 
paramagnetic center: k=0, 1, 2, …, n. The EPR spectrum arising from each one of these 
statistically possible cases consists of a multiplet of (k + 1) lines. Of course, in the experimental 
spectrum all the multiplets corresponding to different value of k are simultaneously present, even 
though with different relative intensities. The overall intensity of a generic hyperfine multiplet is 
proportional to the probability, ( )1zn,k;P , that k magnetic nuclei occur in the same paramagnetic 
center, which, in the simple case we have considered, is simply given by the Binomial statistical 
distribution: 
 
                                        ( ) ( ) ( ) ( )
knk
11 z1z!knk!
n!
zn,k;P --
-
= 1     (1.26) 
 
In Eq. (1.26), the binomial coefficient ( )!knk!
n!
-
 takes into account the number of ways in which 
k magnetic nuclei can be distributed among the n possible equivalent nuclear positions. The 
relative overall intensity of two distinct hyperfine multiplets is simply given by the ratio of the 
probabilities associated to them, which are obtained from Eq. (1.26).  
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1.1.3.2 Estimation of the percentage of atomic s and p orbital components 
of an unpaired electron wave function 
 
The ability of the EPR spectroscopy to determine important information on the 
microscopic structure of a paramagnetic center can be recognized if one considers the case in 
which the unpaired electron wave function consists prevalently of a mixture of s and p orbitals of 
an atom with non-zero nuclear magnetic moment [2, 16-18]. Note that the broken tetrahedron 
structure discussed in Paragraph 1.1.2 is an example of such a system, provided that the atom A 
(see Figure 1.1) has a non-zero nuclear spin. The wave function of the unpaired electron involved 
in the system can be written as  
 
                                        ∑++=
j
jjps kcnpcnscG      (1.27) 
 
where ns  and np  are the ns-state and np-state atomic orbitals of the central atom (atom A in 
Figure 1.1), jk  are the orbitals of the ligand atoms (atoms X in Figure 1.1), whereas cs, cp and cj 
are the coefficients of the linear combination, with jc « sc  and jc « pc . If one assumes that [16]: 
i) both charge and spin polarization effects can be neglected, ii) only the orbitals of the central 
atom (atom A in Figure 1.1) contribute significantly to the hyperfine interaction, iii) the use of the 
isolated atomic orbitals is legitimate in the integral calculations, iv) the ĝ tensor anisotropy can be 
neglected in the calculation of the hyperfine isotropic constant a and of the anisotropic matrix Tˆ , 
allowing one to consider simply an average value meaneffg , then it can be shown that the hyperfine 
operator Aˆ  of Eq. (1.23), expressed with respect to its principal-axes system, reduces to  
 
              
+
=+=+=
2ta00
0t-a0
00t-a
200
01-0
001-
t
100
010
001
aa T1A ˆˆˆ   (1.28) 
 
where  
                                             2sNNB
mean
eff0 cµgµgµ3
2
a = |φ(0)|2    (1.29) 
 
                                             2p3
NNB
mean
eff0 c
nprnp
µgµg
π4
µ
t =        (1.30) 
 
in which r is the electronic radial coordinate relative to the position of the nucleus, 0µ  is the 
magnetic susceptivity in vacuum, NN µandg  are the spectroscopic splitting factor and the 
magnetic moment of the nucleus, respectively, whereas |φ(0)| is the electron spin density at the 
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position of the nucleus. Comparing Eq. (1.28) with the general form of an axial symmetric Aˆ  
matrix 
 
                                              = ⊥
⊥
||A00
0A0
00A
Aˆ       (1.31) 
 
one simply recognizes that 
 
                                                         taA -=⊥       (1.32) 
 
                                                         t2aA|| +=       (1.33) 
 
The quantities a and t of Eqs. (1.29) and (1.30) coincide with the Fermi contact and the dipolar 
interactions of the corresponding free atom afree and tfree, respectively, except for the presence of 
the expansion constants 2sc  and 
2
pc  in the formers. Consequently, these latter constants can be 
easily obtained from the following ratios  
 
                                                          
free
2
s a
a
c =      (1.34) 
 
                                                          
free
2
p t
t
c =              (1.35) 
 
Finally, from Eqs. (1.32) – (1.35) one obtains  
 
                                                       
free
||2
s a3
AA
c ⊥
2+
=       (1.36) 
 
                                                       
free
||2
p t3
AA
c ⊥
-
=       (1.37) 
 
The latter equations permit to obtain experimental estimations of 2sc  and 
2
pc , after the two 
principal values ||A and ⊥A of the matrix Aˆ  are estimated from the experimental spectra, and 
making use of the known values of the constants afree and tfree for the free atom [2, 16, 17].  
 
Concerning the broken tetrahedron structure (see Figure 1.1), another important 
structural information that can be obtained consists in the angle ρ between the dangling orbital 
and the three A-X basal bonds [2, 16, 17]. It has been shown, in fact, that an estimation of this 
angle can be obtained from the following relation 
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
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However, one has to take care in using Eq. (1.38) to obtain ρ from the hyperfine data 
estimated experimentally. In fact, by comparing the dependence of the angle ρ predicted from 
Eq. (1.38) with those obtained using various self-consistent calculations, a quite large 
disagreement has been found for three different types of paramagnetic centers (with the broken 
tetrahedron structure), among which the E’1 center of α-quartz [26]. One of the most relevant 
factors determining the failure of Eq. (1.38) is connected with the partial ionicity of the A-X 
bonds (Figure 1.1), not accounted for in the treatment leading to Eq. (1.38) [26].  
 
 
 
1.1.4 Spin Hamiltonian for a paramagnetic center with  S=1 
 
In this paragraph we consider a paramagnetic system consisting of two electrons located 
at distances lower than ∼5 Å. Due to the low distance between the electrons, two other important 
interactions are effective and have to be considered in the spin Hamiltonian: the electron-electron 
dipole and the electron-exchange interactions [12, 15]. As can be easily shown [12, 15], the effect of 
the latter is to couple the electron spins S1=½ and S2=½ to give a diamagnetic singlet state with 
Stot=0 and a paramagnetic triplet state with Stot=1. If, for simplicity, we neglect the hyperfine 
interaction and the anisotropy of ĝ (g ≅ 2) and if we suppose that the wave functions of the 
electrons are in the form of a product of the orbital and of the spin components, then the spin 
Hamiltonian of two interacting electrons in the spin triplet state can be written as follows [15]: 
 
                  Hˆ spin = µB g HT ·  Stot +  StotT · dipDˆ ·   Stot +  J0 (½ Stot
2 - ¾ 1)  (1.39) 
 
with  
 
                             ( )
r
z3-r
r
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   (1.40) 
and 
 
                                       (1)(2)
r4π
e
(2)(1)2J ba
0
2
ba0 φφε
φφ-=     (1.41) 
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where Stot=S1+S2 is the total spin operator obtained summing over the spins angular momenta, S1 
and S2, of the two electrons, whereas ϕa and ϕb are the spatial parts of the wave functions of the 
two electrons. In Eq. (1.39) the term containing the operator dipDˆ  describes the electron-electron 
dipole interaction, while the term with J0 is the electron-exchange interaction. The constant J0 is known as 
isotropic electron-exchange coupling constant [12, 15]. Choosing the eigenstates of the operator 
Stot
2 and of the projection of Stot on the direction of H as basis set, indicated as M,Stot , the 
energies of the system of coupled electrons are [15]:  
 
          E (Stot=0)= - ¾ J0            (1.42) 
 
          EX,Y(Stot=1)= ¼ J0 + ½ {DZ ± [4 g
2 µB
2 H2+(DX-DY)
2
 ]
1/2}    (1.43) 
 
          EZ(Stot=1)= ¼ J0 - DZ            (1.44) 
 
where X, Y and Z are the principal axes of the projection of the operator dipDˆ  in the subspace of 
states with Stot=1 and DX, DY and DZ are its diagonal values, whereas H is the modulus of the 
magnetic field H supposed directed along Z. From Eq. (1.39) and Eqs. (1.42)-(1.44) the 
following properties of the system of two interacting electrons can be outlined (see Figure 1.4) 
[15]: 
Figure 1.4  Schematic representation of the energy levels of a pair of interacting electrons as a function of the 
modulus of the magnetic field H. The transitions observable in an EPR experiments are indicated by broken 
arrow. In this figure it has been supposed J0<0. 
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i) The exchange interaction separates the energies of the singlet (Stot=0) with respect 
to those of the triplet states (Stot=1). Furthermore, if J0<0 and J0>>kbT, where 
kb is the Boltzmann constant and T is the temperature, only the paramagnetic 
triplet state is populated. Conversely, if J0>>kbT only the diamagnetic singlet state 
is populated.  
ii) The states 1-1, , 01,  and 1+1,  are eigenstates of the Hamiltonian only for a 
magnetic field H large enough that the Zeeman interaction dominates on the 
dipolar term.  
iii) Since, in general, the three triplet eigenstates of the system are linear combinations 
of pure  1-1, , 01,  and 1+1,  states, the selection rule ∆M = ±1 does not 
apply. Consequently, together with the allowed transitions 1-1,  ↔ 01,  and 
01,  ↔ 1+1,  giving rise to a pair of lines with center of gravity at g ≅ 2, the 
transition between the lowest and the highest energy levels of the triplet can be 
observed, giving an EPR line at g ≅ 4. 
iv) In general, due to the dipolar interaction, the energies of the levels are not linear 
functions of the amplitude of the field H. 
v) The three states of the system are not degenerate for H=0. Furthermore, for 
H≠0, the energy splitting among the states depends on the relative orientations of 
the field H with respect to the principal-axes system of the operator dipDˆ .  
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1.2 Optical spectroscopy 
 
Usually, in the study of a paramagnetic center, the first step consists in the investigation 
of its structural properties by EPR spectroscopy. Subsequently, other complementary 
information are obtained by exploring its energetic levels by optical spectroscopy, provided that 
the same paramagnetic center possesses also optical properties. Since EPR and optical properties 
are intimately related, as was put forward explicitly for some special systems in the previous 
Paragraph 1.1.2 [see Eqs. (1.15) and (1.17)], the use of both EPR and optical techniques could 
drive to a deeper comprehension of the structure and electronic configuration of the 
paramagnetic center. Finally, it is worth to note that in the study of diamagnetic centers the optical 
spectroscopy usually represents one of the most powerful methods, among the various 
spectroscopic techniques, to put forward relevant information on the system under study, as the 
EPR spectroscopy cannot be applied to them.  
In the present Thesis, point defects are investigated by both EPR and optical absorption 
spectroscopy in order to look into the existing correlations between EPR and optical properties 
of the same center. Furthermore, we pay attention to the correlations existing between distinct 
defects, where each one can be diamagnetic or paramagnetic, as they represent determinant 
information to support structural models of defects and to get hints on their possible generation 
mechanisms.  
 
 
 
1.2.1 Absorption 
 
The presence of a point defect in a material introduces new electronic energy levels that 
usually belong neither to the valence band nor to the conduction band, but they are localized in 
the energy gap. Consequently,  electronic excitation between them can be induced by 
electromagnetic radiation with energy lower than the band gap. Such transitions give rise to 
absorption bands that in principle should possess Lorentzian line shape. However, in the case of 
electronic systems embedded in solids the interactions with the atomic vibrations and the 
inhomogeneities of the local structure, especially in an amorphous matrix, lead to absorption 
bands that can be approximated by Gaussian shapes. 
In a typical optical absorption experiment the incident electromagnetic radiation, with 
energy varied continuously in a chosen interval, traverses the sample and then is revealed. In 
accordance to the Bouguer-Lambert-Beer’s empiric law the intensity I(E) (energy per unit of area 
and unit of time) of radiation emerging from the sample is related to the incident intensity I0(E) 
by the macroscopic formula [27, 28]: 
 
                                                   dα(E)0 e(E)I(E)I
-=        (1.45) 
 
where α(E) is the absorption coefficient at the photon energy E and d is the sample thickness 
(crossed by the radiation). The absorption coefficient expresses the inverse of the length 
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traversed by the light before it is attenuated by a factor 1/e, and is usually measured in cm-1. 
However, in many cases, the adimensional quantity ( )(E)(E)/IILog=(E)A 010  is reported. This 
latter equation defines the absorbance, which represents an absolute measure of the absorption and 
it is related to the absorption coefficient by  
 
                                                   ( )
d
(E)A
2.303(E)α =      (1.46) 
 
To relate the experimental quantities to the theory we consider two non-degenerate 
electronic states ϕi and ϕf of the defects with energies Ei < Ef. In the radiation-matter interaction, 
an atomic system can be considered as an electric dipole with moment ,∑=
ν
ννe rM  where νe  
are the electron charges and νr  their position vectors. Then, according to the quantum 
mechanics, the probability that the electromagnetic radiation induces an electronic transition 
between the levels Ei and Ef is proportional to the Einstein coefficient for absorption [29, 30] 
 
                                                     2= ifM
c3
π2
B 2fi h      (1.47) 
 
where c is the speed of light and Mfi = ∫ ϕf* M ϕi dτ is the electric dipole matrix element, in 
which ϕf* is the complex conjugate of the wave function ϕf and dτ is a volume element. The 
integrated absorption coefficient is related to the Einstein coefficient Bif and to 
ifM by  
 
                                      ( )
2∫ == fiMNc3 ωπ2c ωBNdEEα 2ififif hh     (1.48) 
 
where N is the number of atoms per unit volume in the state ϕi , and h
if
if
EE
ω
-
=  is the Bohr 
frequency of the transition. The important result of Eq. (1.48) is that the absorption intensity 
experimentally measured can give useful information on ifM and, possibly, on the wave 
functions of the states involved in the electronic transition. 
A relevant quantity commonly used to compare the intensities of the absorption bands is 
the oscillator strength, f, of the electronic transition. This is a dimensionless quantity defined as the 
ratio between the integrated absorption over an experimental band peaked at ifω  and the 
theoretical absorption calculated approximating the atomic system as a charged harmonic 
oscillator with frequency ifω  [28, 29]. It can be shown that the oscillator strength for the 
transition ϕi → ϕf  is given by [28-30] 
 
                                                   fiM22
fi
e3
ωm2
h=f       (1.49) 
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where m is the electron mass and in this equation ifM  is the dipole matrix element of the real 
transition. The oscillator strength is a parameter related to the selection rules of the electronic 
transition through ifM  and its determination can give information on the electronic orbitals 
involved. In particular, the influence of the symmetry properties or the spin multiplicity of the 
states involved in the transition establishes the value of ifM  and, as a consequence, if a given 
transition is possible or not. For example, f ≅1 pertains to a strongly allowed electric dipole 
transition, whereas f << 1 characterizes a forbidden transition [28, 29]. We note that for the 
majority of the electronic transitions considered in the present thesis f  ≅ 0.1, which corresponds 
to a dipole allowed transition. 
A quantitative relation between f and the experimental quantity αmax is given by the 
Smakula’s equation [31]: 
 
                                   ( ) ( ) ( )
21
22
max16 cmeV
2n
∆αn
10x8.7N --
+
=f     (1.50) 
 
where N is expressed in cm-3, n is the glass refractive index, αmax (cm-1) is the absorption band 
height and ∆ (eV) the Full-Width at Half-Maximum (FWHM) of the absorption band. This 
equation has been derived under the assumption of Gaussian absorption bands as expected in 
glasses due to the intrinsic inhomogeneities. It enables to derive the concentration of absorbing 
centers provided that the oscillator strength is known or, conversely, the oscillator strength from 
the concentration. 
Another used quantity for the absorption effect is the cross section σ(E). This is the total 
probability of absorption for a given absorbing species, it is measured in cm2 and is related to the 
absorption coefficient by the equation 
 
                                                      α(E) = N σ(E)      (1.51) 
 
The cross section can be related to the oscillator strength by means of Eq. (1.50), and in 
this respect both quantities may be interchanged to characterize an optically active center when 
its absorption coefficient has been measured. 
 
 
 
Chapter 2 
 
Crystalline and amorphous SiO2 : 
structures and point defects 
 
 
 
2.1 Structure of crystalline and amorphous SiO2 
 
 Many forms of crystalline SiO2 are present in nature and all of them, apart from the 
Stishovite (produced at very high pressure), consist in SiO4 tetrahedra linked to each other by the 
terminal O atoms (see Figure 2.1) [1]. The most common form of crystalline SiO2 is the α-quartz 
in which each O atom is bonded with two Si atoms and each Si atom is bonded with four O 
atoms. The bond length between an O atom and the two Si atoms are 0.1608 nm and 0.1611 nm, 
named short- and long-bond, respectively, and the bond angles are O- iSˆ -O ≅ 109.5° and Si- Oˆ -
Si = 143.6° [1, 32]. Furthermore, α-quartz is slightly birefringent and exhibits rotary dispersion of 
light rays transmitted along the crystal axis (c-axis), both right-hand and left-hand forms being 
known [1]. The crystalline forms of SiO2 have been extensively studied by neutron and X-ray 
diffraction techniques and their structures are known to a very high degree of precision [1]. In 
contrast, a very poor knowledge of the amorphous structure of the SiO2 has been reached up 
until now [1]. The most successful theory of the a-SiO2 structure is due to Zachariasen [33]. In 
this theory it is assumed that the SiO4 tetrahedra of the amorphous state are virtually identical 
with respect to those of the crystalline state of SiO2. However, it is supposed that in a-SiO2 the 
Si 
O 
Figure 2.1 Fragment of SiO2 presenting the linking between two tethraedra. 
Inset: Statistical distribution of the Si- Oˆ -Si angle in a-SiO2, as determined 
from X-rays diffraction data by Mozzi and Warren [34]. 
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SiO4 tetrahedra are linked together randomly to give a structure that lacks periodicity, symmetry 
and long range order [1, 33]. Mozzi and Warren [34] have shown that, in the context of the 
Zachariasen theory and supposing an uniform distribution of the dihedral angles (relative rotation 
angle of adjoining neighbouring SiO4 tetrahedra) between 0° and 360° [34], the X-rays diffraction 
spectra of a-SiO2 can be properly fitted assuming the statistical distribution of the Si- Oˆ -Si bond 
angle shown in the inset of Figure 2.1. Consequently, it has been suggested that in a-SiO2 the Si-
Oˆ -Si angle is not fixed to the value of 143.6°, characteristic of α-quartz, but it can take all the 
values from 120° to 180°, with different probabilities. However, it is worth to note that the bond 
angle distribution reported by Mozzi and Warren was obtained under opportune assumptions on 
the interconnection between SiO4 tetrahedra and on the dihedral angles distributions, whose 
validity can not be independently proved. In addition, in a successive diffraction study in which 
neutron and X-rays data were combined, Neuefeind and Liss [35] obtained a statistical 
distribution of the Si- Oˆ -Si angle that is nearly half the width found by Mozzi and Warren. This 
latter result was obtained without the assumption of uniformly distributed dihedral angles. For 
these reasons, the clarification of the structural properties of the a-SiO2 still remains an open 
question [36, 37].  
When an SiO2 sample, in crystalline or in amorphous forms, is subjected to irradiation 
with heavy particles (neutrons, protons, …) or ionizing radiation (UV photons, X-rays, β-rays, γ-
rays) a large number of point defects is usually induced [1, 2]. Many types of paramagnetic 
defects, whose microscopic structures have been studied prevalently by EPR spectroscopy, have 
been reported since 1950 [1, 2].  
The following two paragraphs are devoted to review the literature on the most relevant 
paramagnetic point defects induced by irradiation in crystalline and amorphous SiO2. In 
particular, their microscopic structures and the current understanding of their physical properties 
are discussed.  
 
 
 
2.2 Point defects in crystalline SiO2 
 
2.2.1 E’1 center 
 
The E’1 center is the most important and fundamental point defect induced by neutron, 
electron and γ-ray irradiation in α-quartz [1]. It was first observed by Weeks [38] and the angular 
dependence of its EPR spectrum was subsequently studied by Silsbee [19] and Jani et al. [39]. As 
shown in Figure 2.2, the EPR spectrum of the E’1 center, for a magnetic field parallel to the c-
axis, consists of a single main resonance line and of four hyperfine doublets with splitting of ~40 
mT (strong hyperfine), ~0.8 mT and ~0.9 mT (weak hyperfine) and ~0.05 mT (very weak 
hyperfine) [1, 2, 19, 39]. Each doublet has an EPR intensity relative to the main resonance line of 
~5 %, in agreement with the 4.7 % natural abundance of the 29Si nuclei [1, 2, 19, 39]. The 
principal values of the ĝ matrix of the E’1 center, obtained by EPR measurements, are g1=2.0018, 
g2=2.0005 and g3=2.0003 [1, 19, 39]. 
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Silsbee [19], on the basis of the analysis of the strong hyperfine structure, deduced that 
the unpaired electron involved in the E’1 center is localized in a sp3 hybrid orbital of a single Si 
atom. The subsequent important step in the understanding of the microscopic structure of the 
E’1 center was represented by the work of Feigl et al. [40], in which this defect was associated to 
an asymmetrically relaxed positively charged oxygen vacancy. In this model it was supposed [40] 
that the Si atom in the long-bond side with respect to the missing O atom moves backward in a 
planar configuration, whereas the unpaired electron localizes in an sp3 hybrid orbital of the short-
bond Si atom [40, 41]. This microscopic model was improved by successive theoretical works 
[42-46], in which it was suggested that the relaxation of the long-bond Si is stabilized by the 
formation of a threefold coordinated O atom, giving rise to a puckered configuration, as 
schematically show in Figure 2.3. In this model the strong hyperfine structure originates from the 
hyperfine interaction of the unpaired electron with a 29Si nucleus located in the Si(0) position, the 
two weak hyperfine doublets are due to 29Si atoms in the Si(2) and Si(3) positions, whereas the 
very weak hyperfine structure is due to a 29Si atom in the Si(4) position (see Figure 2.3) [42-46]. 
The inequivalence of the very weak hyperfine structure with respect to the weak ones is due to 
Figure 2.2  EPR spectrum of the E’1 center obtained in an electron irradiated and thermally 
treated α-quartz sample. The measurement has been performed at room temperature and with the 
magnetic field H parallel to the c-axis. The central region of the spectrum, containing the main 
resonance line and the very weak hyperfine doublet, has been acquired with a spectrometer gain 
reduced by a factor 10. Adapted from Ref. 39. 
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the inequivalence of the Si(4) atom position with respect to those of Si(2) and Si(3). In fact, it was 
shown by theoretical methods [42-46] that the unpaired electron wave function density at the 
Si(4) position is negligible, as the bonds Si(0)- Oˆ (4)-Si(4) fall near to the equator of a sphere 
centered on Si(0) and with its polar axis pointing along the direction of the dangling orbital [2, 
47]. 
An OA band peaked at ~6.2 eV was initially attributed to the E’1 center by Nelson and 
Weeks [48]. However, in a successive experimental work [49], this attribution was questioned, 
suggesting that the actual OA band of this center is peaked at ~5.9 eV with a full width at half 
maximum (FWHM) of ~1 eV. A general consensus on the OA properties of the E’1 center has 
not been reached yet and, consequently, new experimental investigations are needed to clarify this 
aspect [49, 50].  
 
 
 
2.2.2 E’4 and E’2 centers 
 
The E’4 center is the best known of the point defects in irradiated α-quartz and its main 
EPR spectrum, for a magnetic field parallel to the c-axis, consists of four primary lines, which at 
room temperature are nearly equally spaced and have nearly equal intensity (Figure 2.4). This 
center was first observed by Weeks and Nelson [51], while its 29Si hyperfine spectrum was first 
reported by Solntsev et al. [52] and subsequently studied by Isoya et al. [53]. A relevant variation 
with temperature of the spin Hamiltonian parameters of this defect was observed, suggesting a 
distortion of the center and related electronic structure changes [53]. The principal g values, for 
example, were found to change from g1=2.00163, g2=2.00073 and g3=2.00053 at 40 K, to 
g1=2.00154, g2=2.00065 and g3=2.00060 at 300 K [53]. The knowledge of the structure of the E’4 
center is due mostly to the EPR study and to the related theoretical analysis with the Hartree-
Fock method carried out by Isoya et al. [53]. The authors have shown that the defect consists in a 
Si(0)
Si(2) 
Si(3) 
Si(4) 
O(4) 
Si(1)
O(3) 
O(2) 
Figure 2.3  Puckered positively charged oxygen vacancy structure proposed 
as a model for the E’1 center in α-quartz [42-46].  
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hydrogen atom trapped in a positively charged oxygen vacancy [53]. At low temperature the 
hydrogen atom bonds more strongly with the Si atom in the short-bond side with respect to the 
missing oxygen, and the unpaired electron is located mostly on the other Si atom of the vacancy 
[Figure 2.5 (a)] [53]. At higher temperature, the probability for the hydrogen atom to bond with 
the long-bond Si atom increases and consequently the EPR signal due to the unpaired electron 
wave function located on the short-bond Si atom of the vacancy becomes evident [53]. In this 
framework, the four primary EPR lines observed at room temperature arise from the 
superposition of the two physical situations corresponding to the unpaired electron located on 
the short-bond Si and undergoing hyperfine interaction with the nucleus of the H atom bonded 
to the long-bond Si and that in which the unpaired electron is located on the long-bond Si and 
Figure 2.5  (a) Microscopic structure of the E’4 center at low temperature proposed by Isoya et al. 
[53]. (b) Microscopic structure of the E’2 center proposed by Rudra et al. [58].  
 
Si Si
O O
H H 
(a) 
 
(b) 
 
Figure 2.4  EPR spectrum of the E’4 and the E’2 centers obtained in an X-ray irradiated α-quartz 
sample. The measurement has been performed at room temperature and with the magnetic field 
H parallel to the c-axis. Adapted from Ref. 49. 
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interacts with the H atom bonded to the short-bond Si. The microscopic picture of the E’4 center 
depicted by Isoya et al. [53] was confirmed by successive theoretical studies performed with 
various theoretical methods [46, 54-56].   
The E’2 center main EPR spectrum consists of two equally intense lines (Figure 2.4) [48, 
51, 57]. Rudra et al. [58] have proposed that this defect possesses a microscopic structure similar 
to that of the E’4 center, but for the fact that in the former the hydrogen atom is bonded to the 
short-bond Si atom and the unpaired electron localizes stably in the long-bond Si atom, which 
relaxes through the plane of its basal O atoms in a back-projected configuration, as schematically 
shown in Figure 2.5 (b). This configuration was found to be consistent with experimental data 
and it was predicted to be slightly lower in energy than that of the E’4 center by ~0.09 eV with an 
energy barrier between the two configurations of about 0.6 eV [58]. In this framework, the two 
primary EPR lines of the E’2 center arise from the hyperfine interaction the unpaired electron 
located on the lond-bond Si with the nucleus of the H atom bonded to the short-bond Si. The 
principal g values of the E’2 center, estimated by EPR measurements, are g|| = 2.0022 and g┴ = 
2.0006 [48, 51, 57] 
The OA properties of the E’4 center are unknown, whereas those of the E’2 center were 
investigated by Nelson and Weeks [48, 51]. Their studies have suggested that the E’2 center 
possesses an OA band peaked at ~5.4 eV. However, since no successive works were undertaken 
confirming this attribution, it should be considered as tentative [50].   
 
 
 
2.2.3 Triplet state centers 
 
In irradiated α-quartz many distinguishable triplet state centers (pair of coupled electrons 
with total spin S=1) have been identified. The first ones to observe these centers in γ-ray 
irradiated quartz were Weeks and Abraham [59]. Subsequently, other three triplet state centers, 
named E’’1, E’’2 and E’’3, were reported and characterized [60-63].  
The properties common to all these centers are [59-62]: i) the EPR spectrum includes a 
doublet of main resonance lines whose center of gravity falls at about g ≅ 2, and a single weak 
line with g ≅ 4, ii) the EPR lines are narrow (~0.005 mT), iii) the spin-lattice relaxation time is 
very long and iv) the principal g values are very little negatively shifted with respect to the free 
electron g value. On the basis of these properties and in direct analogy to the E’ centers, the 
triplet state centers are believed to consist in a pair of nearby E’ centers [59-63], as generically 
represented in Figure 2.6. In this scheme, the main difference between the various triplet state 
centers should consist in the distance between the two interacting spins [60-63]. However, the 
reason why four different distances are possible and the details on the relative orientations of the 
two E’ centers in each of the four types of triplet centers are still open questions. 
 
 
 
 
Gianpiero Buscarino                                                         Chapter 2: Crystalline and amorphous SiO2 : structures and point defects 
 31
2.2.4 The [AlO4]0 center 
 
The [AlO4]0 center in irradiated α-quartz has been extensively studied in many 
experimental [64-69] and theoretical [70-76] works. Although it possesses a complex 
temperature-dependent EPR spectrum, the microscopic structure of the [AlO4]0 center has been 
well established and consists in a Al atom substituting for a four-coordinated Si in the lattice with 
a hole that, for temperature lower than ~30 K, is stably trapped in a nonbonding 2p orbital of a 
short-bond O atom adjacent to Al (Figure 2.7) [64-76]. On increasing the temperature, the hole 
first jumps in both the short-bond O atoms and then, at room temperature, it delocalizes over all 
the four tetrahedral O atoms [69].  
Since the Al atom has three electrons in the outer shell, instead of the four of Si, in order 
to complete the four tetrahedral bonds it needs a surplus electron. For this reason, in the as 
grown crystal, the substitutional Al atom usually occurs with an alkali ion nearby, which has given 
the electron to the Al [69]. In this configuration the negatively charged Al atom has completed 
Figure 2.7  Microscopic structure of the [AlO4]0 center in α-quartz [69]. 
 
Si
O
Al
Figure 2.6  Generic microscopic model of the triplet state centers in α-quartz. 
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O
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the tetrahedral bonds and attracts the alkali positive ion by electrostatic interaction. When an 
alkali ion is present nearby to the substitutional Al atom the defect is signed by [AlO4-/M+]0, 
where AlO4- indicates that the Al atom has trapped an electron, M+ indicates which alkali ion is 
involved in the defect (usually M+=Li+, Na+ or H+), and the superscript 0 indicates that the 
overall defect complex is neutral [69]. This structure is considered to be the precursor site of the 
[AlO4]0 center, as discussed in the next paragraph. 
 
 
 
2.2.5 Complex mechanisms of point defects generation  
 
Although the microscopic structures of the relevant point defects of α-quartz have been 
established, their generation mechanisms have been found in many cases very complicated and 
deserve further investigation to be clarified [39, 48, 51, 60-62, 67, 69].  
Irradiation experiments at variable temperatures have shown that the [AlO4]0 center is 
induced in α-quartz only if the irradiation is performed at temperature above ~100 K [69]. This 
experimental evidence has been attributed to the ability of alkali ion, M+, to diffuse away from 
the Al site during irradiation [69]. In this frame it is believed that irradiation at temperature lower 
than ~100 K causes the creation of a hole on an O atom bonded to Al. At this temperature the 
M+ ion does not have sufficient thermal energy to diffuse away, even though in [AlO4/M+]+ 
complex it is no longer required as a charge compensator [69]. On increasing the temperature, or 
directly upon irradiation at room temperature, the M+ ion diffuses away along the c-axis channels 
of the crystal becoming stably trapped at unknown sites and the EPR signal of the bare [AlO4]0 
center is observed [69]. Finally, detailed studies by EPR and IR spectroscopies have established 
that, upon thermal treatments in the range from 500 K to 650 K of an irradiated sample, the as-
grown configuration of the crystal is restored with the formation of the initial [AlO4-/M+]0 
complexes [67].  
The E’2 and E’4 centers are easily induced by room temperature neutrons, X- γ- and β-ray 
irradiation of α-quartz [48, 49, 51, 53, 57]. At variance, the E’1 center generation mechanism has 
been found to be more complex [39, 61].  In fact, simple irradiation at room temperature does 
not produce an appreciable number of E’1 centers, while upon successive thermal treatment 
above 500 K the concentration of E’1 centers is observed to increase for more than one order of 
magnitude [39, 48, 51, 61]. A detailed EPR study by Jani et al. [39] has pointed out that this 
growth of concentration of E’1 centers occurs in connection with the annealing of the [AlO4]0 
center, as shown in Figure 2.8 [39]. Furthermore, nearly constant total concentration of E’1 plus 
[AlO4]0 centers has been found for thermal treatments temperature up to 570 K [39]. On the 
basis of this experimental evidence the authors have proposed that holes are released from the 
[AlO4]0 centers upon thermal treatment in the range of temperatures from 500 K to 570 K and 
that each of these holes is trapped by the diamagnetic precursor site of the E’1 center [39].  
Complex generation mechanisms, as for the E’1 center, have been also observed for the 
triplet state centers [60, 61]. In fact, it has been shown that an appreciable number of these 
centers cannot be induced by simple irradiation at 77 K. At variance, the same irradiation 
produces a large number of triplet state centers provided that a previous irradiation at room 
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temperature has been performed [60, 61]. Although the exact mechanisms of triplet centers 
generation has not yet been established, the above discussed experimental evidences have 
suggested that they could be connected with the temperature-dependent processes of [AlO4]0 
centers generation and of alkali ions diffusion [60, 61].  
 
 
 
2.3 Point defects in amorphous SiO2 
 
2.3.1 E’γ center 
 
The E’γ center is the most commonly observed point defect induced in a-SiO2 by UV, X, 
γ and neutrons irradiation [1, 2]. Is was first observed by Weeks [38] and successively further 
characterized by Griscom [2, 47, 77-82]. The E’γ center exhibits an almost axially symmetric EPR 
line shape with principal g values g1=2.0018, g2=2.0006 and g3=2.0003 [2]. Furthermore, it was 
shown that in order to obtain a good fit of its EPR line shape a distribution of the latter two 
principal g values has to be considered [79]. In Figure 2.9 (a) a comparison between the 
experimental EPR line shape of the E’γ center and the simulated one is reported [79]. The 
statistical distributions of the principal g values used in the simulation are shown in Figure 2.9 (b) 
[79].  
To the E’γ center has been definitively attributed [2, 77, 78] a strong hyperfine structure 
consisting in a pair of lines split by ~42 mT, arising from the interaction of the unpaired electron 
Figure 2.8  Effects of an isochronal thermal treatment on the concentration of 
[AlO4]0 and E’1 centers on a sample of α-quartz previously β-ray irradiated at 300 
K and then at 77 K. The concentration of [AlO4]0 and E’1 centers were measured 
by EPR measurements at 77 K and room temperature,  respectively. Adapted 
from Ref. 39. 
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with a 29Si nucleus. Due to the similarity of the principal g values and hyperfine structures of E’γ 
and E’1 centers, it has been supposed that the two defects could share the same microscopic 
structure (Figure 2.3) and, consequently, the E’γ center has been suggested to be the defect 
equivalent of the E’1 center of α-quartz in a-SiO2 [2, 77, 78]. On the basis of this hypothesis, in 
analogy with E’1 center, it is expected [2] that the E’γ center should possess a weak hyperfine 
doublet split by about 0.8 mT ÷ 0.9 mT. In agreement with this prediction, a doublet of lines 
with a peak-to-peak split of ~1.26 mT has been observed in irradiated a-SiO2 [78, 81, 83-86] and, 
by computer line shape simulations, it was shown to correspond to an isotropic hyperfine 
splitting constant of ~0.8 mT [81]. However, in these experimental studies [78, 81, 83-86] the 
1.26 mT doublet has been attributed to the hyperfine interaction of an unpaired electron with a 
proton, rather than with a 29Si nucleus. In contrast with this attribution, Boero et al. [45] 
suggested, on the basis of a first principles study, that the E’γ in a-SiO2 possesses a weak 
hyperfine structure very similar to that of the E’1 center in α-quartz, so supporting the attribution 
of the 1.26 mT doublet to the hyperfine interaction of the unpaired electron involved in the E’γ 
center with a second nearest 29Si atom. This conclusion was subsequently supported by an 
experimental work [87] in which the 1.26 mT doublet EPR signal was found to be strictly 
correlated with that of the E’γ center main EPR line in a wide γ- and β-ray irradiation dose range. 
The weak hyperfine structures of the E’γ center were also studied by Griscom and Cook [47] 
(a) 
(b) 
Figure 2.9  (a) Comparison between the experimental EPR spectrum of the E’γ center 
and the line shape obtained by simulation. (b) Statistical distribution of the principal g 
values used in the simulated spectrum shown in (a). Adapted from Ref. 79.  
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performing an EPR study of γ-ray irradiated 29Si enriched a-SiO2 samples. Surprisingly, the 
authors have found that the hyperfine interaction strength of the unpaired electron of the E’γ 
centers with a second nearest 29Si atom agrees with that of the E’1 center only in few cases, 
whereas in most cases it is negligible [2, 47]. In order to account for this experimental evidence, 
the authors proposed that in the majority of E’γ centers the Si atom on which the unpaired 
electron is localized relaxes through the plan of its basal O atoms in a back projected 
configuration [2, 47]. In fact, as the authors showed by simple tight-binding analysis [47], in this 
configuration the weak hyperfine interaction is significantly reduced. This conclusion was also 
supported by successive theoretical studies by Embedded-Cluster-Method focused on the stable 
configurations of the positively charged oxygen vacancy in a-SiO2 [88, 89].  
The difficulties related to the lack of a certain identification of the weak hyperfine 
structure of the E’γ centers, as discussed above, rise the question if the microscopic structure of 
the E’γ is actually similar to that of the E’1 center, as initially suggested [2, 77, 78]. Furthermore, 
the problem of the attribution of a specific microscopic structure to the E’γ center becomes more 
complicated in the light of some experimental evidences found in a-SiO2 films on crystalline Si 
[90-95]. In fact, in these systems it has been shown, by capacitance-voltage measurements and 
charge injection experiments, that at least two types of E’γ centers exist [92, 94]. Although these 
two E’γ centers possess similar EPR features, they differ in the charge state which can be neutral 
or positive [90-94]. While the positively charged E’γ could be, again, considered the equivalent in 
a-SiO2 of the E’1 center, the neutral E’γ is not consistent with an oxygen vacancy model. It has 
been proposed that the latter defect could possess a microscopic structure similar to the former 
but for the lack of the positively charged group of atoms facing the unpaired electron [91, 94, 95].   
Recent theoretical investigations have suggested that the problem concerning the 
microscopic structure of the E’γ center in a-SiO2 is more complex. Uchino et al. [96-98], on the 
basis of quantum chemical calculation, have suggested that the E’γ could originate from an “edge-
sharing” oxygen vacancy (triangular oxygen-deficient center), schematically represented in Figure 
2.10 (a), by trapping a hole and relaxing in the structure of Figure 2.10 (b) (bridged hole-trapping 
Figure 2.10  Microscopic structures proposed by Uchino et al. [96] for (b) the E’γ 
center and (a) its precursor site. 
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oxygen-deficiency center). In this model, the unpaired electron is localized on one Si atom and 
the trapped hole on the other. The structural model of Figure 2.10 (b) succeeds in accounting for 
the experimental value, 42 mT, of the strong 29Si hyperfine structure of the E’γ center [96-98]. 
Successively, in a theoretical investigation by Lu et al. [99], the simple oxygen vacancy has been 
reconsidered as a precursor of the E’γ center. It has been suggested that in a-SiO2, at variance 
with respect to α-quartz, two distinct E’γ centers could arise, differing in the positively charged 
puckered Si atom facing the unpaired electron, which can bond with one or two back O atoms. A 
more complex situation has been found by a theoretical study with the Embedded-Cluster-
Method [88, 89],  which has  suggested  that many  microscopic  structures  can stabilize in a-SiO2 
after ionization of an oxygen vacancy, as summarized in Figure 2.11. The structures reported in 
Figures 2.11 (a) and (b) were suggested by the authors [88, 89] to pertain to the E’δ center and 
will be discussed in more details in Paragraph 2.3.4. The structure of Figure 2.11 (d) essentially 
corresponds to that of the E’1 center in α-quartz (Figure 2.3), whereas the other structures are 
believed to be peculiar of the amorphous state of SiO2 [88, 89]. In the structure of Figure 2.11 (c) 
an incomplete puckering of the positively charged Si atom of the vacancy occurs, and it remains 
in a planar configuration with respect to its basal O atoms. The structures of Figures 2.11 (e) and 
(f) are similar to those of Figures 2.11 (c) and (d), respectively, but for the fact that the Si atom 
on which the unpaired electron wave function is localized has relaxed in a back projected 
configuration. The structures of Figures 2.11 (g) and (h) are similar to those of Figures 2.11 (e) 
Figure 2.11  (a)-(h) Stable microscopic structures originating from ionization of a 
single oxygen vacancy in a-SiO2. After Ref. 88.  
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and (f), respectively, but in the former two structures an extra O atom of the a-SiO2 is nearby and 
interacts with the unpaired electron. The hyperfine parameters corresponding to the microscopic 
structures of Figure 2.11 are reported in Table 2.1. As shown, the strong hyperfine isotropic 
constants of the structures of Figures 2.11 (c), (d) and (e) are consistent with that of the E’γ 
center, but that of Figure 2.11 (g) is somewhat larger. Furthermore, one can expect that to this 
latter structure, which will be discussed in more details in Paragraph 2.3.3 in connection with the 
E’α center, should pertain a ĝ tensor with a symmetry lower than axial, due to the perturbation of 
the nearby O atom to the unpaired electron wave function.  
 
Interestingly, the observation of two slightly different but distinguishable E’γ center main 
EPR line shapes [100], named L1 and L2, in γ-ray irradiated a-SiO2 could also indicate the 
existence of at least two types of E’γ centers, in agreement with the experimental data on the 
charge state of the E’γ center and on the theoretical results discussed above. However, since the 
two E’γ center EPR line shapes L1 and L2 differ very little, their attribution to specific structural 
models is not a simple task. In future, an important step towards the solution of this problem 
could derive from the measurement of the charge state of the E’γ centers with EPR line shapes 
L1 and L2 by, for example,  simultaneous EPR and charge state studies.   
An OA band peaked at 5.8 with FWHM of ~0.8 eV and oscillator strength ~0.14 has 
been attributed to the E’γ center by Weeks and Sonders [101] by EPR and OA measurements in 
irradiated a-SiO2. This attribution was subsequently confirmed by other experimental works [102, 
103]. Although this attribution is considered certain [50], the outstanding question concerns the 
specific electronic levels involved in this OA band, for which two possible electronic processes 
have been proposed [50]. Griscom and Fowler [104] first suggested that this absorption involves 
a charge transfer from the unpaired electron level to that of the facing Si atom of the oxygen 
vacancy. This hypothesis was supported subsequently by theoretical investigations by Edwards 
[105] and Pacchioni and Ieranò [106]. Alternatively, it has been proposed [80, 89, 107, 108] that 
both the initial and the final states involved in the electron transition are confined in the O≡Si• 
group of the E’γ center. This latter attribution is strongly supported [80] by the invariance of the 
spectral properties of the 5.8 eV absorption band observed in various a-SiO2 samples whether 
Table 2.1  Hyperfine constants (mT) for the microscopic structures reported in Figure 2.9. Sin and Sink are the 
nearest and the second nearest neighbours of the oxygen vacancy, respectively. After Ref. 88. 
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irradiated by UV laser [2, 50, 109-112], X-rays [113, 114], γ-rays [48, 51, 101], neutrons [115] and 
heavy ions [116, 117]. In fact, if the 5.8 eV absorption band is due to a charge transfer process, 
then its peak position should be extremely sensitive to the internuclear distance between the two 
facing Si atoms of the oxygen vacancy and a dependence of its spectroscopic properties on the 
specific material or on the method of irradiation is expected to be observable, in disagreement 
with the experimental data [50, 80].   
In summary, although the attribution of an OA band peaked at 5.8 eV to the E’γ center is 
certain, up to now a general consensus on the energy levels involved in this electronic transition 
has not been reached and further experimental and theoretical studies are needed to clarify this 
point [50].  
 
 
2.3.2 E’β center 
 
The E’β center was first observed and characterized by Griscom [2, 79, 80, 82]. Its main 
EPR line shape is similar to that of the E’γ center, but it possesses a more pronounced axial 
symmetry [79]. Its principal g values are g|| = 2.0018 and g┴ = 2.0004, with the latter g value 
statistically distributed [2, 79]. In Figure 2.12 (a) a comparison between the experimental EPR 
line shape of the E’β center and the simulated one is reported [79]. The statistical distributions of 
the principal g values used in the simulation are shown in Figure 2.12 (b) [79].  
(a) 
(b) 
Figure 2.12  (a) Comparison between the experimental EPR spectrum of the E’β 
center and the line shape obtained by simulation. (b) Statistical distribution of the 
principal g values used in the simulated line shown in (a). Adapted from Ref. 79.  
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An hyperfine structure consisting in a pair of lines split by 42 mT, indistinguishable with 
respect to that of the E’γ center, has been attributed to the E’β center [2, 79, 80, 82]. This 
experimental evidence has suggested that in the E’β center an O≡Si• moiety similar to that of the 
E’γ center is involved [2, 79, 80, 82].  
The E’β center has been observed in synthetic a-SiO2 materials containing ~1200 ppm 
OH groups X-ray irradiated at 77 K [79]. Furthermore, it was shown that if the same material is 
subsequently subjected to an isochronal thermal treatment at higher temperatures, the post-
irradiation concentration of E’β centers increases by a factor of about five [79]. In particular, two 
stages of E’β centers concentration increase have been observed, occurring in the temperature 
ranges 100 K ÷ 130 K and 180 K ÷ 270 K [79]. Since in these temperature ranges the thermal 
diffusion of H and H2, respectively, occurs, it was supposed that the E’β centers could originate 
from the interaction of H atoms with some precursor site in a-SiO2 [2, 79, 80]. At present, the 
most reasonable hypothesis on the microscopic structure of the E’β center is that it represents the 
equivalent defect in a-SiO2 of the E’2 center of α-quartz [Figure 2.5 (b)].  
An OA band peaked at 5.4 eV, similar to that attributed to the E’2 center in α-quartz, has 
been tentatively attributed to the E’β center in a-SiO2, basing on the conjecture that these two 
point defects could share the same microscopic structure [50, 82, 118, 119].  
 
 
 
 
2.3.3 E’α center 
 
The E’α center(1) was first observed and characterized by Griscom [2, 79, 80, 120].  The 
principal g values of this defect are g1=2.0018, g2=2.0013 and g3=1.9998, with the latter two g 
values statistically distributed [2, 79, 80]. In Figure 2.13 (a) a comparison between the 
experimental EPR line shape of the E’α center and the simulated one is reported. The 
discrepancies between the experimental spectrum and the simulated line shape, evident in Figure 
2.13 (a), are due to the presence in the former of the EPR signal of the E’γ center partially 
superimposed to that of the E’α center, whereas the simulated line refers to the E’α center alone 
[79]. The statistical distributions of the principal g values used in the simulation of the E’α center 
EPR line shape are shown in Figure 2.13 (b) [79]. 
                                                 
1 In Ref. 79 Griscom defined two types of E’α centers: E’α1 and E’α2. However, since the E’α2 was found to possess 
EPR features indistinguishable with respect to those of the E’γ, in successive papers [2, 80, 82, 120] Griscom have 
named E’α the former, and E’γ the latter. Here the latter nomenclature is used. 
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(a) 
(b) 
Figure 2.13  (a) Comparison between the experimental EPR spectrum of the E’α 
center and the line shape obtained by simulation. (b) Statistical distribution of the 
principal g values used in the simulated line shown in (a). Adapted from Ref. 79.  
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Figure 2.14  Microscopic structures proposed for the E’α centers by Griscom (a) in 1984 [79] and (b) in 2000 [2].  
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             In a first work, Griscom observed this defect in high purity (stoichiometric) a-SiO2 
materials X-ray irradiated at 77 K [79]. In that work the author found that the E’α is stable only 
below T≅200 K and that it converts to the E’γ upon exposure to room light [79]. In a successive 
experimental investigation, Griscom and Friebele [120] observed the E’α defect in 
nonstoichiometric a-SiO2 γ-ray irradiated at room temperature. However, at variance to the first 
experimental investigation, the E’α defect was found to be thermally stable at room temperature 
and no light induced conversion to E’γ was observed [120].  
  In 1984 Griscom suggested [79] that the 29Si hyperfine structure of the E’α center 
consists in a doublet split by ∼42 mT, as for E’γ and E’β centers. On the basis of this attribution, 
he proposed that the E’α center could originate by an irradiation induced displacement of an O 
atom and an electron from a regular site of the a-SiO2 matrix [79]. This mechanism generates a 
positively charged oxygen vacancy similar to the one involved in the E’γ center, but for the 
displaced O atom forming a peroxy bridge with one of the basal O atoms of the O≡Si• moiety 
[Figure 2.14 (a)] [79]. The perturbation induced by the knocked O atom on the unpaired electron 
wave function being responsible for the orthorhombic g matrix of the E’α center [79]. In 2000, 
after a reexamination of the previously published data, Griscom proposed [2] that the 29Si 
hyperfine structure of the E’α center should consist in a pair of lines split by ∼14 mT. On the 
basis of this latter attribution, a model consisting in a twofold coordinated  Si (O=Si:, where : 
represents a lone pair) having trapped an electron was put forward [Figure 2.14 (b)] [2]. 
 Successively, Uchino et al. [97, 121] on the basis of quantum-chemical calculations 
suggested that the E’α center could originate from an hole trapped in a twofold coordinated Si. 
The authors showed that upon hole capture the structure relaxes to a metastable state 
characterized by a sp3-like unpaired electron wave function and with an expected value of the 
isotropic hyperfine coupling constant of ∼44 mT [97, 121]. Furthermore, the system was found 
to easily relax to a more stable structure in which an O≡Si• moiety is formed, giving a possible 
explanation of the experimentally observed room light induced conversion from E’α to E’γ [79, 
97, 121].  
Finally, it is worth to note that the stable structures originating from the positively 
charged oxygen vacancy reported in Figures 2.11 (g) and (h) should also account for the 
spectroscopic features characterizing the E’α center, although this possibility was not explicitly 
discussed by the authors [88]. In fact, as a consequence of the perturbation of the nearby O atom 
on the unpaired electron wave function, the expected ĝ matrix of these structures should possess 
low symmetry, as experimentally observed for the E’α center [see Figure 2.13 (b)]. Consequently, 
the models of Figures 2.11 (g) and (h) could pertain to the E’α center. In future, the validity of 
this attribution could be evaluated comparing the hyperfine doublet of the E’α center with that of 
the structure of Figures 2.11 (g) and (h), for which an isotropic hyperfine constant of ~48.9 mT 
has been calculated (see Table 2.1).  
Summarizing, a general consensus on the actual microscopic structure of the E’α center 
has not yet been reached [2, 121]. However, as it comes from the above discussion, a way to 
establish a definitive structure for the E’α center could result by the experimental identification of 
its 29Si hyperfine structure. 
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2.3.4 E’δ center 
 
The E’δ center was first observed and characterized by Griscom [120]. It possesses an 
highly symmetric EPR line shape, as shown in Figure 2.15, with principal g values g|| = 2.0018 
and g┴ = 2.0021 [120].  
 To the E’δ center has been attributed an hyperfine structure consisting in a pair of lines 
split by ∼10 mT, supposed to arise from the hyperfine interaction of the unpaired electron with a 
29Si nucleus [120]. The E’δ point defect has been observed in bulk a-SiO2 [120, 122-124], in 
thermally grown a-SiO2 films on Si [92, 125-136], and in buried oxide layer of separation by 
implantation of oxygen (SIMOX) systems [125, 131, 137-145]. These experimental works have 
pointed out that the E’δ center can be induced in a-SiO2 by X- and γ-ray irradiation, hole 
injection and by bombardment with Ar+ ions. Although all these treatments are able to induce 
the E’δ center, large differences in the generation efficiency have been found. Bombardment with 
Ar+ ions, for example, was found to be at least three orders of magnitude more efficient in 
generating E’δ center with respect to hole injection and X- or γ-ray irradiation [144]. 
Furthermore, it has been pointed out that holes injection is able to induce E’δ centers in many a-
SiO2 on Si systems, whereas an equal number of injected electrons is not [92, 127, 141]. This 
experimental evidence has been considered as an indication of the hole trapped nature of the E’δ 
center [92, 127, 141].  
Figure 2.15  (a) Experimental EPR spectrum compared to the line shape obtained as a 
weighted sum of the reference lines (b) for E’α, E’γ and E’δ centers. Adapted from Ref. 120.  
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A key experimental evidence on the E’δ center consists in the observation that a large 
number of its precursors are induced during high temperature (T>800 K) annealing in different 
atmospheres of buried [126, 131, 125, 134] and unburied [131, 131-136] a-SiO2 films on Si. In the 
same works a similar generation process has been also observed for the precursors of the E’γ 
center. To explain these findings, it has been proposed that during thermal treatments O atoms 
could diffuse from the a-SiO2 layer to the substrate and to the polysilicon overlayer, the driving 
force of this process being the different solubility limit of O in Si and SiO2 [126, 132, 146]. In this 
scheme, the generation of precursors of E’γ and E’δ centers in the a-SiO2 layer should be due to 
the out-diffusion of O atoms from the oxide and the formation of oxygen vacancies [126, 132, 
146]. Nevertheless, the observation of SiO gas production during low pressure oxidation of 
silicon [147], has inspired a different model in which it is supposed that during high temperature 
treatments the freeing of volatile SiO at the Si/SiO2 interface, through the reduction reaction Si + 
SiO2 Æ 2 SiO (volatile), could occur [131, 133, 135, 136, 147]. In this case, oxygen deficient 
defects could be induced by the rearrangement within the oxide network of volatile SiO, released 
from the interface and diffusing through the oxide [136]. Although the exact process responsible 
for the thermally induced degradation of MOS structures is not fully clarified, its occurrence 
clearly indicates the intrinsic and oxygen deficiency related nature of the E’δ center.  
The microscopic structure of the E’δ center is not yet univocally determined. Since its first 
observation, many distinct microscopic models have been proposed. Griscom and Friebele [120] 
observed that: i) the 29Si hyperfine splitting of the E’δ center (∼10 mT) is ∼4 times smaller than 
that of the E’γ center (∼42 mT), ii) the g tensor of the E’δ center is nearly isotropic. These 
features were tentatively explained supposing that the unpaired electron of the E’δ center is 
delocalized over four symmetrically disposed Si sp3 orbitals similar to the one involved in the E’γ 
center [120]. Furthermore, since the concentration of E’δ center was found to correlate with the 
Cl content of the materials, a model consisting in an electron delocalized over four Si-sp3 orbitals 
of an [SiO4]4+ vacancy decorated by three Cl- ions was proposed (4-Si Cl-containing model) [120]. 
However, as the same authors pointed out, the absence of the EPR lines due to the hyperfine 
interaction of the unpaired electron with the I=3/2 nuclei of 35Cl and 37Cl (with 75.4% and 24.6% 
natural abundance, respectively) represented a serious difficulty for the reliability of this model. 
The possibility that F atoms, together with Cl, could be involved in the microscopic structure of 
the E’δ center has also been raised by Tohmon et al. [122] However, in successive works it has 
been reported that the E’δ defect can be equivalently induced in Cl- and F-free samples, ruling 
out definitively the direct involvement of these impurities in the E’δ center [92, 127, 142, 143].  
Tohmon et al. [122] have pointed out that a necessary condition for the formation of the 
E’δ center is the oxygen deficiency of the material, estimated by measuring the intensity of the 
OA band peaked at ∼5.0 eV [50]. Furthermore, the authors have shown that as a consequence of 
a thermal treatment at 500 °C in atmosphere of H2, the 5.0 eV OA band disappears together with 
the precursors of the E’δ centers [122]. On the basis of these observations a microscopic model 
was proposed for the E’δ center consisting in an ionized single oxygen vacancy with the unpaired 
electron nearly equally shared by the two Si atoms (2-Si model) [Figure 2.16 (a)] [122].  
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Vanheusden and Stesmans [142, 143] reported that E’γ and E’δ centers are induced in 
SIMOX samples. Furthermore, the authors have shown that E’δ centers are prevalently induced 
in the region 200 Å÷700 Å away from the BOX/substrate interface, whereas E’γ centers are 
localized in a more extended region in the BOX. Since it was known that a large number of Si 
inclusions occur in the same region of the BOX in which the E’δ centers are induced [148, 149], a 
new microscopic model was proposed in which the unpaired electron of the defect was supposed 
to be delocalized over the four sp3 hybrid orbitals of an Si atom disposed at the center of a five Si 
cluster (5-Si model) [Figure 2.16 (b)] [142, 143].      
Zhang and Leisure [123] have focussed on the experimental estimation of the EPR 
intensity ratio, ζ, between the 10 mT doublet and the E’δ main line. However, due to the low 
concentration of defects, the authors [123] have detected the 10 mT doublet in the high-power 
second-harmonic mode (SH-EPR), which allows high sensitivity. Unfortunately, this detection 
scheme cannot give quantitative information on the number of defects responsible for the EPR 
signal and consequently the ratio ζ cannot be determined. Nevertheless, postulating a strict 
similarity between the properties of E’γ and E’δ centers’ SH-EPR signals, the authors could 
estimate ζ≅0.175, indicating a delocalization of the unpaired electron over four equivalent Si 
atoms [123]. On the basis of this estimation, it has been proposed a microscopic model for the 
E’δ center consisting in a pairs of nearby oxygen vacancies, involving four Si neighboring atoms, 
with the unpaired electron delocalized over the four sp3 hybrid orbitals of the Si atoms (4-Si 
model) [Figure 2.16 (c)] [123].  
Conley and Lenahan [145] have studied the effects on E’γ and E’δ centers of a room 
temperature treatment in hydrogen atmosphere (10% H2 + 90% N2). The authors have found 
that, as a consequence of the interaction with H2, the EPR intensity of the E’γ center decreases in 
concomitance with the growth of a doublet split by 7.4 mT. Similarly, the EPR intensity of the 
E’δ center decreased with a simultaneous growth of a doublet split by 7.8 mT. Furthermore, both 
these conversion processes were found to take place in few minutes and saturate within two 
hours. The two doublets split by 7.4 mT and 7.8 mT were associated to hydrogen complexed E’γ 
[81] and E’δ centers, respectively. The authors [145], on the basis of the similarity in the doublets 
Figure 2.16  Microscopic structures proposed for the E’δ center by (a) Tohmon et al. [122], (b) Vanheusden 
and Stesmans [142] and (c) Zhang and Leisure [123]. 
 
Si 
O 
(a) 
 
(b) 
 
(c) 
 
Gianpiero Buscarino                                                         Chapter 2: Crystalline and amorphous SiO2 : structures and point defects 
 45
splitting and in the time scales of the processes of interaction with H2, have proposed that the E’δ 
center could possess a microscopic structure consisting in an unpaired electron strongly localized 
on a single Si atom, as for the E’γ center (1-Si model).  
The atomic and electronic structures of the E’δ center have been explored in many 
simulative calculations using Density Functional (DFT) [56, 96, 99, 150, 151, 152], Hartree-Fock 
(HF) [153-157], and Embedded Cluster [88, 89, 108, 158] methods. Chavez et al. [153] and Karna 
et al. [154] have studied the electronic structure of 2-Si, 4-Si and 5-Si models of the E’δ center, 
and have shown that in all the cases considered the unpaired spin preferentially localizes on a 
single pair of Si atoms, so supporting the 2-Si model.  However, in these calculations the atoms 
of the clusters were not allowed to relax after ionization. Consequently if, as suggested [120, 123, 
142, 143], the delocalization of the unpaired electron results from a structural relaxation 
following the ionization of the precursor, then the conclusions outlined in these works could be 
questioned. Successive works focussed on the electronic properties of the ionized single oxygen 
vacancy (2-Si model) [56, 88, 89, 96, 99, 108, 150, 151, 155-158]. These works have pointed out 
that the ionized single oxygen vacancy in a-SiO2, at variance to quartz, could admit a stable 
configuration in which the unpaired electron is nearly equally shared by the two Si atoms (2-Si 
model). This structure differs from that of E’γ because the puckering does not occur. To test if 
the 2-Si model could actually represent a realistic model for the E’δ center, the hyperfine structure 
[56, 88, 89, 96, 108, 152, 153, 154] and the principal g values [89, 108] have been predicted. The 
hyperfine structure has been found to consist of a doublet of lines split by 8 mT - 13.5 mT, in 
good agreement with the experimental observations [120, 122, 123]. At variance, the calculated 
principal g values differ significantly from those obtained by EPR spectroscopy [92, 120, 127, 
132, 141-144]. Furthermore, the calculated g values for the 2-Si model point out that this 
structure has a very low symmetry, whereas the EPR spectrum of the E’δ center indicates an 
almost spherical symmetric unpaired electron wave function [120].     
 
 
 
2.3.5 Triplet state center 
 
Griscom [120] reported on the observation in X- and γ-ray irradiated Cl-doped a-SiO2 of 
a pair of lines with peak-to-peak split of ~13.4 mT and center of gravity at g≈2 [Figure 2.17 (a)]  
correlated to a characteristic weak EPR line with g≈4 [Figure 2.17 (b)]. These EPR lines where 
attributed by the author to a point defect in a triplet state (pair of coupled electrons with total 
spin S=1) [120]. The observation of the same triplet state center has been also reported by other 
authors in X- and γ-ray irradiated a-SiO2 at various Cl and F doping levels [122, 123]. Although at 
present an exact correspondence has not been established, it is believed that this center 
represents the equivalent in a-SiO2 of one of the triplet centers observed in α-quartz and that the 
other types of triplet centers observed in α-quartz should also exists in a-SiO2 [63].  
The triplet state center has been observed in the same irradiated a-SiO2 materials in which 
the E’δ center was also induced [120, 122, 123]. Furthermore, a similar growth of concentration 
as a function of the X-ray irradiation dose has been reported for both these point defects [123].  
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Figure 2.17  EPR spectrum of the triplet state center acquired in correspondence of (a) g~2 and (b) 
g~4 in a sample of synthetic a-SiO2 X-ray irradiated at 77 K. The measurements have been performed 
at 225 K. Adapted from Ref. 120. 
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Figure 2.18  Possible microscopic structures for the triplet state center in a-SiO2. 
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On the basis of these experimental evidences, it has been proposed that they could share 
the same precursor site [120, 122, 123]. In this scheme, the proposed microscopic structures of 
the triplet state center corresponding to those reported in Figure 2.16 (a) and (c) for the E’δ 
center are shown in Figure 2.18 (a) [122] and (b) [123], respectively. At variance, no specific 
microscopic structure has been proposed for the triplet state center originating from the 5-Si 
cluster. 
 
 
 
2.3.6  The [AlO4]0 center 
 
An Al-related EPR signal in irradiated a-SiO2 was first reported by Fröman et al. [159], 
and subsequently observed by Lee and Bray [160] in irradiated Al2O3-SiO2 glasses. However, the 
effective attribution of this resonance to the [AlO4]0 is due to Schnadt and Räuber [161]. The 
authors compared the EPR spectrum obtained in irradiated powdered Al-doped quartz with that 
of a glass prepared from the same material [161]. In Figure 2.19 (a)-(d) the EPR spectra recorded 
at 77 K and at 300 K for both these materials are reported [161]. As shown, a strict 
correspondence occurs between the EPR line shapes in the two materials, but for a discrepancy 
in correspondence to g ≅ 2.061. This difference has been attributed to a vitreous-state induced 
distribution in the g3 values, smearing out this part of the a-SiO2 spectrum (see Paragraph 1.1.2.2) 
[161]. The attribution of the EPR line shape observed in Al-doped a-SiO2 to the [AlO4]0 center 
has been subsequently supported by computer line shape simulations [23].  
 
Figure 2.19  (a)-(d) EPR spectra recorded at 300 K and 77 K in powdered Al-doped 
quartz and in a-SiO2 samples obtained from the same material. Adapted from Ref. 161. 
 
 
Chapter 3 
 
Experimental set-ups 
 
 
 
This chapter summarizes the experimental procedures and the properties of the 
instruments employed in the present Thesis. In particular, a detailed description of the EPR 
instrumentation is given,  since it is the principal measurement technique employed. 
  
 
 
3.1 The EPR spectrometer 
 
3.1.1 Working principle and main components 
 
In a typical EPR experiment the sample under study is subjected to two external magnetic 
fields pointing in orthogonal directions [11-15]. The first field, H, which can be considered static 
with respect to the intrinsic relaxation times of the paramagnetic centers, has the effect to spread 
the ground state energetic levels, as a consequence of the interaction between the magnetic 
moment of the system and H (see Chapter 1) [11-15]. The second external magnetic field, H1 
(
1H « )H , with amplitude oscillating at a microwave frequency, is used to induce resonant 
transitions between pairs of states splitted by H [11-15]. The acquisition of an EPR spectrum 
consists in the measurement of the energy absorbed by the paramagnetic system as a function of 
the amplitude of H, at fixed amplitude and frequency of the magnetic field H1 [11-15]. 
In Figure 3.1 we report a scheme of the X-band continuous wave EPR spectrometer we 
have used, that is the Bruker EMX [162]. The microwave radiation, produced by a Gunn diode 
contained in the source group, travels through a rectangular waveguide and is directed to the 
resonant cavity containing the sample under study. The cavity is exposed to two magnetic fields: 
the static one, H, produced by the electromagnet, and a modulated magnetic field, Hm, parallel to 
H and produced by the magnetic field modulation system through the modulation coils. Once the 
microwave radiation has reached the cavity, it is partially absorbed by the sample and partially 
reflected back into the waveguide. The microwave radiation reflected back from the cavity is 
directed to the detection system, where it is converted by a Schottky diode in a current signal, and 
then phase detected and rectified. Finally, the current signal is digitalized in the output circuit and 
its value is displayed on the screen of the computer connected to the EPR spectrometer. The 
acquisition of an EPR spectrum consists in the measurement of the microwave power reflected 
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by the cavity containing the paramagnetic system when the amplitude of the magnetic field H is 
varied linearly in time across the resonant value Hr (defined in Chapter 1).  
In the following Paragraphs 3.1.1.1 - 3.1.1.6 we discuss the functions of the individual 
EPR spectrometer components within each of the blocks indicated in Figure 3.1 [11, 15, 162]. 
 
 
 
Figure 3.1  Block scheme of the Bruker EMX EPR spectrometer [162].  
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3.1.1.1   Source 
 
The most commonly used source is the klystron, which is a vacuum tube that can 
produce microwaves centered in a small range of frequencies [11, 15]. At variance, in the EPR 
spectrometer we used, the microwave source is a Gunn diode. It consists in a GaAs junction 
which, as discovered by J. B. Gunn, if subjected to a d.c. voltage of about 10 volt, produces 
electromagnetic waves at microwave frequencies [163].  
In order to obtain an undistorted EPR spectrum, the resonant frequency of the cavity 
containing the sample has to match that of the Gunn diode for all the duration of the acquisition, 
meanwhile the modulus of the external field H changes linearly in time. However, it can be 
shown that in correspondence to Hr the frequency of the cavity undergoes a shift in connection 
with the change of the impedance of the cavity-plus-sample system [11, 12]. To compensate this 
effect, the EPR spectrometer is equipped with an automatic frequency control (AFC) system. In 
the EPR spectrometer we used, the AFC system introduces an amplitude modulation, at a 
frequency of 76.8 kHz, on the microwave radiation produced by the Gunn diode [162]. A second 
microwave signal, taken from the source and opportunely corrected in amplitude and phase, is 
superimposed to that reflected from the cavity so that, when the resonant frequency of the 
cavity-plus-sample system matches that of the Gunn diode, the total signal results to be not 
modulated at 76.8 kHz. Inversely, when the frequency of the cavity drifts off that of the Gunn 
diode, an error signal is produced and, by imposing a variation of the voltage applied to the Gunn 
diode, the matching is automatically reestablished.   
The microwave power emitted by the Gunn diode is modified before reaching the cavity 
by a variable attenuator (indicated in Figure 3.1). The power transmitted to the cavity is measured in 
dB of attenuation with respect to its maximum value, given by  
 
                         


−=
sourcethebyproducedpower
cavitytheonincidentpowerlog10(dB)Att. 10    (3.1) 
 
For the Gunn diode of the EPR spectrometer we used the maximum obtainable microwave 
power is of 200 mW [162]. 
 
 
 
3.1.1.2   Resonant cavity 
 
The heart of an EPR spectrometer is the resonant cavity. It is constituted by a metal box 
characterized by high conductibility side walls and it is employed to store the microwave energy. 
It is placed at the center of the gap between the poles of the electromagnet and, in the 
spectrometer we used, have a rectangular shape [see Figure 3.2 (a)]. Each normal mode of the 
cavity is characterized by specific distributions of electric and magnetic fields lines. Those 
pertaining to the normal mode we considered in our experiments, which is named TE102, are 
represented in Figures 3.2 (b) and (c), respectively [11, 15]. For the resonant cavity we used, a 
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microwave frequency of about 9.8 GHz corresponds to this mode, which falls into the range of 
frequencies known as EPR X-band [11]. The resonant cavity is coupled to the waveguide via a 
hole (iris), also indicated in Figure 3.2 (a). The size of the iris controls the amount of microwave 
power which enters the cavity. The iris accomplishes this task by carefully matching or 
transforming the impedances of the cavity and the waveguide. There is a screw in front of the iris 
which allows one to adjust this matching [11, 15].  
 
The efficiency of a resonant cavity in accumulating microwave energy is measured by the 
quality factor defined as  
 
                                     
( )
( )cicleperdissipatedenergy
storedenergy2π
Qu =     (3.2) 
 
where the energy dissipated per cycle is the amount of energy lost during one microwave period. 
Energy can be lost in the side walls of the cavity because the microwaves generate electrical 
currents in them, which in turn generates heat. In order to limit this effect the side walls of the 
cavity are usually covered by a double layer of silver and gold. To take into account the energy 
absorbed by the sample due to dielectric losses and that dissipated in correspondence to the iris, 
it is possible to define two other contributions to the overall quality factor of the cavity as follows  
 
                                        
( )
( )cicleperlossdielectric
storedenergy2π
Qε =      (3.3) 
Figure 3.2  (a) Resonant cavity of rectangular shape. The arrow indicates the iris, which connects 
the resonant cavity to the wave guide. Electric field lines in the XZ plan (b) and  magnetic field lines 
in the XY plan (c) for the TE102 mode. Adapted from Ref. 15. 
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( )
( )cicleperlossiris
storedenergy2π
Qr =       (3.4) 
 
and the total quality factor Qtot is given by  
 
                                                 
rεutot Q
1
Q
1
Q
1
Q
1
++=       (3.5) 
 
It is worth to note that, the higher is the quality factor of the cavity, the higher is the energy 
stored in the cavity and, consequently, the higher is the sensitivity of the EPR spectrometer [11, 
15].  
The sample, which in our case has the dimension of about 25 mm3, is inserted into the 
resonant cavity from one of the cylindrical slots indicated in Figure 3.2 (a) and placed in the 
central position. This position, as indicated in Figures 3.2 (b) and (c), corresponds to the 
maximum amplitude of the magnetic field H1 and to the minimum amplitude of the electric field 
E. In this way, the energy absorbed by the sample from the magnetic field H1 is maximized, 
whereas the dielectric losses are minimized.  
In the spectrometer we used the resonant cavity has been disposed in such a way that, 
referring to Figure 3.2, the static magnetic field H is directed along Z and the microwave field H1 
along Y.  
 
 
 
3.1.1.3   Electromagnet 
 
The purpose of the electromagnet shown in Figure 3.1 is to produce a magnetic field H 
as stable and homogenous as possible over the volume of the sample. The electromagnet 
employed in the EPR spectrometer we used can produce a maximum magnetic field amplitude of 
∼1 T, with an homogeneity of 10-3 mT on a volume ∆X · ∆Y · ∆Z = 5 · 22 · 10 mm3 [see Figure 
3.2 (a)] located at the center of the gap between the poles of the electromagnet [162].  
Absolute estimations of the amplitude of the magnetic field H were obtained by an Hall 
probe (located at a fixed position between the poles of the electromagnet) with a precision of 
8x10-2 mT [162]. As a consequence of this experimental uncertainty, the absolute position of a 
resonance in the spectrum is undetermined by the same amount. For this reason, to compare the 
line shapes of the same resonance in different spectra, in the present Thesis they will be 
horizontally shifted in order to superimpose a common EPR feature. In spite of the accuracy in 
determining absolute values of H, the estimation of the relative magnetic field distance of two 
features of an EPR spectrum is affected by a sensibly lower error, due to the presence of a system 
which imposes a low frequency modulation of the magnetic field H and guarantees a better 
stability. So, for distances of the features in the EPR spectrum of 1 mT, this error is ∼8x10-4 mT 
[162]. 
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3.1.1.4   Detector 
 
In the EPR spectrometer we used the key element of the detection system is constituted 
by a Schottky diode. The microwave signal reflected back from the cavity reaches the Schottky 
diode which converts it in a current signal, whose amplitude is proportional to the square root of 
the microwave power incident on the diode (linear region of work), provided that the incident 
microwave power is higher than ∼1 mW. To assure that the detector operates at this level, the 
system we used employes a reference arm (see Figure 3.1) which supplies the detector with some 
extra microwave power. Some of the source power is tapped off into the reference arm, where a 
second attenuator controls the power level (and consequently the diode current) for optimal 
performance. There is also a phase shifter to assure that the reference arm microwaves are in 
phase with the signal reflected from the cavity when they combine at the detector diode. 
 
 
 
3.1.1.5   Magnetic-field modulation system 
 
As anticipated above, in a typical EPR spectrometer a second magnetic field Hm ( mH « )H , named modulation field, is superimposed to H [11, 15]. It is produced by a pair of 
Helmholtz coils placed on each side of the cavity along the axis of the static field H and its 
amplitude oscillates at a frequency that, in our EPR spectrometer, can be fixed at a value ranging 
from 5 kHz up to 100 kHz with step of 1 kHz. The effects of the modulation field is to induce a 
modulation of the microwave signal reflected from the cavity, which is converted by the Schottky 
diode in a periodic electric current F(t). During the modulation cycles the total amplitude of the 
magnetic field acting on the sample under study oscillates between the limit values H-Hm/2 and  
H+Hm/2 following a sinusoidal dependence. However, since in general the absorption profile of 
the paramagnetic system is not necessarily linear within these two magnetic field values, then the 
function F(t) cannot be described by a simple sinusoidal dependence. At variance, it can be 
expressed by a Fourier superposition of many sinusoidal components, oscillating at the 
fundamental modulation frequency ωm and at a large number of harmonics with frequencies nωm, 
with n = 2, 3, … [11]. The periodic current signal produced by the Schottky diode is directed to 
the subsequent stage of the EPR spectrometer, which consists in a lock-in amplifier. This device 
amplifies the signal and permits to select, by a band-pass filter, the harmonic and the phase of the 
component of F(t) to be acquired. The main advantage in using the lock-in amplifier is connected 
with its ability, by the band-pass filter, to cut off many noise components, so significantly 
enhancing the signal-to-noise ratio of the EPR spectra [11, 15]. 
In conclusion, the quantity measured by the lock-in amplifier is the amplitude of the 
component of the current signal produced by the Schottky diode which oscillates at the selected 
frequency and with the opportune phase. In the EPR spectrometer we used, the first- and the 
second-harmonic components can be acquired, whereas the phase shift can be fixed from 0° up 
to 360° with step of 1°.  
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3.1.1.6   Output circuit 
 
The final stage of our EPR spectrometer consists in two components: an RC filter and an 
integrator. The first one is a low-pass filter with a response time τRC, which can be fixed by the 
operator, and it is used to cut off all the noise components with frequencies higher than 1/τRC. 
As a consequence of this filtering process the signal-to-noise of the EPR spectrum is enhanced 
by a factor RCτ  [15]. The disadvantage of the use of the RC filter is connected with its finite 
response time which limits the maximum magnetic field sweep rate of the EPR spectrum. As a 
general rule, in order to avoid distortion of the spectra, we have combined the acquisition  time 
and the τRC so that tpp > 10 τRC, where tpp is the time occurring to scan the narrowest structure of 
interest in the spectrum. 
The second component of the final stage integrates the EPR signal for a time duration 
Tconv, fixed by the operator. Finally, the digitalized EPR signal is shown on the screen of the 
computer controlling the spectrometer.  
 
 
 
3.1.2 Different types of acquisition conditions 
 
In order to present the two different acquisition schemes of the EPR spectra we 
considered in this Thesis, we introduce the concept of relaxation times of a paramagnetic center 
embedded in a solid matrix. A simple way to accomplish this objective is through the 
introduction of the phenomenological Bloch equations [164]. These equations, applicable to systems 
with S=½, describe the motion of the magnetic moments of the system subjected to external 
magnetic fields and permit to take into account the interactions among the magnetic moments 
and the interactions between them and the lattice [164]. These equations, including the 
modulation magnetic field, are [13, 164-166] 
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were γ is the giromagnetic ratio, ( ) ∑=
i
i
-1volume µM  is the sum of the microscopic magnetic 
moments µi for an unitary volume, MX (t), MY (t) and MZ (t) are the three components of M(t) 
with respect to the laboratory frame of reference, and HT = H1 cos (ωt) Yˆ  + [H(t) + 2
Hm cos 
(ωmt)] Zˆ , where Yˆ  and Zˆ  are the unitary vectors directed along the directions Y and Z, 
respectively, whereas ω is the microwave frequency. M0 represents the modulus of the 
magnetization of the paramagnetic system obtained in stationary conditions, supposed to be 
directed along the direction of H, as 1H « H . The constants T2 and T1 define the transversal 
and longitudinal relaxation times and characterize the interaction among the paramagnetic centers 
and that of the paramagnetic centers with the lattice, respectively [164]. 
It is worth to note that, in Eqs. (3.6)-(3.8) an implicit time dependence is contained 
through the magnetic field HT. In fact, during the acquisition of an EPR spectrum the amplitude 
of H is varied linearly in time across the resonant value Hr, while the amplitudes of Hm and H1 
oscillate with sinusoidal dependences. In definitive, the solution of the set of equations (3.6)-(3.8) 
strictly depends on the specific time dependence of these fields. Since an analytical solution of 
the Eqs. (3.6)-(3.8) for a general case cannot be obtained, some specific cases have to be 
considered. The most important of them occurs when  
 
                                                    21
1 TT
dt
d
H
>>
+ mHH
     (3.9) 
 
which is known as slow-passage condition [167]. Roughly speaking, this condition states that the 
rates of change in time of H and Hm are slow with respect to the main relaxation rates of the 
paramagnetic centers [166, 167].  As a consequence, in slow-passage condition, M(t) assumes the 
stationary value pertaining to the total external magnetic field HT, at each time instant. At 
variance, in the opposite case in which  
 
                                                     21
1 TT
dt
d
H
<<
+ mHH
     (3.10) 
 
the acquisition is referred to as obtained in rapid-passage condition [166, 167].  
It is worth to note that, while an analytic solution of the Eqs. (3.6)-(3.8) can be easily 
obtained in slow-passage conditions, it is not the same for the rapid-passage case. Consequently, the 
latter case is usually studied by empirical experimental characterizations of the detected EPR 
signals or, more rigorously, by looking at the solutions of the Eqs. (3.6)-(3.8) for the specific case 
of interest by a computer numerical analysis. In the present Thesis the former approach has been 
used.  
In the following paragraphs we describe the main properties of the EPR signals acquired 
under slow- and rapid-passage conditions. Furthermore, the main difficulties connected with the 
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acquisition and the interpretation of the EPR spectra acquired in rapid-passage conditions are 
discussed. 
 
 
 
3.1.2.1  EPR measurements in slow-passage conditions 
 
Starting from the Eqs. (3.6)-(3.8), assuming the slow-passage condition valid [Eq. (3.10)] and 
neglecting the modulation magnetic field, for simplicity, by straightforward calculations it is 
possible to obtain that the energy for unit volume, f(H-Hr), absorbed by the paramagnetic system 
is given by [13] 
 
                  ( ) ( )∫
π
∝
2
0 21
2
1
22
r
22
2
2
1
r TTHγ+H-HγT+1
HN
dt
dt
d
 
2π
ω
=H- Hf
M
H1    (3.11) 
 
were N is the number of paramagnetic centers for unit volume. According to Eq. (3.11), for 
1<<TTHγ 21
2
1
2 , the absorption is proportional to the square of the microwave field amplitude 
H1. When this low-power condition is satisfied the EPR signal is said to be recorded in 
unsaturating conditions and a Lorentzian line shape is observed, which has the maximum in 
correspondence to H=Hr, full width at half maximum equal to 1/(γT2) and its area is 
proportional to the number of absorbing paramagnetic centers. At variance, when the condition 
1<<TTHγ 21
2
1
2  is not fulfilled, the line shape deviates from a Lorentzian and the absorption 
f(H-Hr) is no more proportional to 
2
1H .  
In the case of an inhomogeneous paramagnetic system, as for powdered crystals or for 
amorphous solids (see Paragraph 1.1.2.1), a distribution of the resonance fields Hr occurs. Then 
the overall absorption of the paramagnetic centers is obtained by multiplying the single center 
line f(H-Hr), given by Eq. (3.11), by the inhomogeneous distribution function D(Hr) and by 
integrating over the entire spectrum, as described in Paragraph 1.1.2.1. Typical dependences of 
the intensity of the EPR signal on increasing microwave power (which is proportional to 21H ) 
will be reported in Figure 5.3, as obtained experimentally for the E’γ centers in a-SiO2. 
In conformity with previous experimental investigations [1, 2, 38, 77, 79, 120, 166], in the 
present Thesis the slow-passage EPR signal has been measured by revealing the component of the 
signal reflected from the resonant cavity oscillating at the same frequency and in phase with the 
modulation magnetic field. This detection scheme has been accomplished by opportune setting 
of the lock-in amplifier of the EPR spectrometer. Hereafter in the present Thesis, we will refer to 
the measurements performed in the conditions described above as FH-EPR. Furthermore, in 
order to obtain undistorted lines and to make quantitative estimation of the concentration of 
paramagnetic centers, we have acquired the FH-EPR spectra in the linear region of signals 
growth with microwave power, which corresponds to the range of microwave magnetic field 
values for which the condition 1<<TTHγ 21
2
1
2  is satisfied. 
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The effect of the modulation magnetic field, neglected in Eq. (3.11), on the properties of 
the microwave signal reflected from the resonant cavity is schematized in Figure 3.3. As shown, 
as a result of the magnetic field modulation, the position in the spectrum in correspondence to 
which the resonance condition is satisfied oscillates between the values H0-Hm/2 and H0+Hm/2, 
where H0 is the value of the static magnetic field. As a consequence, the microwave signal 
reflected from the cavity, which is proportional to the value of the absorption in correspondence 
to the instantaneous value of the static-plus-modulation magnetic fields, becomes modulated. In 
particular, the amplitude of the microwave field oscillates with the same frequency and in phase 
with the modulation magnetic field, provided that the portion of the absorption profile spanned 
by the modulation magnetic field is small enough to be approximated as linear. Once this signal 
reaches the detector, it is converted in a current signal oscillating at the fundamental modulation 
frequency and with amplitude proportional to the difference between the values of the 
absorption in correspondence to H0+Hm/2 and H0-Hm/2. Finally, the amplitude of this 
oscillating current is measured by the lock-in amplifier and represents the detected EPR signal. 
From the above discussion, it follows that the FH-EPR signal reproduces the derivative of the 
absorption line, provided that the amplitude of the modulation magnetic field is much less than 
the width of the absorption profile [11].  
In a similar way it can be shown that, for acquisitions in slow-passage conditions, the 
EPR signal oscillating at a double frequency and in phase relative to the modulation magnetic 
field is proportional to the second derivative of the absorption profile. This signal is revealed 
when the modulation amplitude is large enough that deviations from the linear dependence of the 
absorption profile are detectable between H0-Hm/2 and H0+Hm/2 [11].  
We stress that, as it follows from the above discussion, when slow-passage conditions are 
satisfied, no EPR signals π/2-out-of-phase relative to the modulation magnetic field are detected, 
no matter the frequency component (ωm, 2ωm, …) selected by the lock-in amplifier [11].  
 
Figure 3.3  Effects of the modulation magnetic field on the properties of the microwave signal 
reflected from the resonant cavity for the case of measurements performed in slow-passage 
conditions. Adapted from Ref. [168]. 
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3.1.2.2  EPR measurements in rapid-passage conditions 
 
In many experimental works [2, 79, 81, 120, 166, 168-172] focused on paramagnetic 
centers with long relaxation times, it has been reported that, under high microwave power, an 
intense signal is detected when the lock-in is fixed to acquire the second-harmonic π/2-out-of-
phase EPR signal. In particular, this EPR signal has been connected to the failure of the slow-
passage condition of Eq. (3.9), due to the very long relaxation times of the paramagnetic centers, 
and to the consequent growth of the signal originating in rapid-passage conditions. In particular 
these effects should be induced by the rapid magnetic field sweep connected to the high 
modulation frequencies (typically 100 kHz) used in the experiments. Recently, this conjecture has 
been substantiated by looking at the solutions of the Bloch equations (3.6)-(3.8) by computer 
numerical methods [166]. This latter study has been focused on the EPR signal of the E’γ center 
in a-SiO2 (see Paragraph 2.3.1), which has been taken as a reference system for the class of 
paramagnetic centers with long relaxation times.  
In some experiments involved in the present Thesis, to enhance the detection sensitivity 
in revealing some EPR signals of interest, the rapid-passage EPR signal has been acquired which, 
in conformity with previous investigations, has been detected by revealing the second-harmonic 
π/2-out-of-phase EPR signal [2, 79, 81, 120, 166, 171]. Hereafter in the present Thesis, we will 
refer to these measurements as SH-EPR. 
In all the experimental investigations in which the SH-EPR spectra of inhomogenously 
broadened EPR lines have been reported, it has been noted that they resemble the absorption 
profile [2, 79, 81, 120, 168-172]. Although a general analytical treatment explaining this effect has 
not been developed, it can be qualitatively understood in a rather simple way by considering the 
scheme described in Figure 3.4 [168], valid for inhomogenously broadened lines and for high 
microwave power. This scheme is based on the observation that during a magnetic field 
modulation cycle, the modulus of the sweep rate oscillates from 0 up to ωmHm/2. As a 
consequence, two different types of passage effect could be induced in correspondence to the 
middle and to the turning points of the modulation cycles. In particular, near to the turning 
Figure 3.4  Effects of the modulation magnetic field on the properties of the microwave signal 
reflected from the resonant cavity for the case of measurements performed in rapid-passage 
conditions. Adapted from Ref. [168]. 
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points of each modulation cycle, the modulation-induced field sweep rate tends to zero and, 
consequently, one should observe the slow-passage signal. At variance, in correspondence to the 
middle of each modulation cycle, the sweep rate is maximum and, if the modulation frequency is 
high enough, one should observe the rapid-passage signal. Furthermore, it is assumed that, since 
the resonance is dominated by inhomogenous broadening, the absorption profiles “as seen” in 
slow- and in rapid-passage conditions differ in intensity but not in shape (see Figure 3.4), as the 
details of the single center (homogenous) line shape pertaining to the two types of acquisitions 
become irrelevant. During a half modulation cycle the amplitude of the microwave signal 
reflected back from the resonant cavity will be proportional: to the slow-passage absorption 
profile at the low-field modulation turning point, to the rapid-passage absorption profile near H0, 
to the slow-passage absorption profile at the high-field modulation turning point, and so on (see 
Figure 3.4). As a consequence, there will be a microwave signal reflected from the cavity that 
oscillates at a double frequency and π/2-out-of-phase with respect to the modulation magnetic 
field. Furthermore, the SH-EPR signal measured in these experiments is proportional to the 
difference between the rapid-passage and the slow-passage absorption profiles, and reproduces 
the true absorption profile, provided that inhomogenous broadening effects dominate.  
As a final remark, it is worth to note that, at variance to the case of the FH-EPR signal, 
the SH-EPR signal growth with microwave power is neither linear nor it can be characterized by 
a simple power law of general validity [167].  
In the present Thesis, SH-EPR measurements have been performed when a higher 
detection sensitivity was required. In the case when a resonance line of interest was detectable 
both with FH-EPR and with SH-EPR measurements, we have optimized the parameters of SH-
EPR acquisition in order to maximize the sensitivity with minimum discrepancies between SH-
EPR line shape and the integral of the corresponding FH-EPR one. At variance, when no FH-
EPR signal was detectable, the optimal parameters of SH-EPR acquisition were chosen in 
analogy with those established for other fully characterized lines with similar spectral 
characteristics.  
 
 
 
3.1.3  Spin concentration  
 
In the present Thesis the concentrations of paramagnetic centers have been estimated by 
comparing the double integral (area) of the unsaturated FH-EPR spectra with that of a reference 
sample, consisting in a γ-ray irradiated a-SiO2 with known number of E’γ centers (Paragraph 
2.3.1). The spins concentration of the latter has been determined by the spin echo technique 
[173] with absolute accuracy of ∼20 %. The concentration/area ratio has been estimated for 
reference. In particular, it was found that the area normalized by 2
1
in (mW)P , Hm (mT), Tconv 
(ms), sample weight (g), and receiver gain is related to the concentration of paramagnetic centers 
by the formula 
 
             concentration = (normalized area) x (3 ±0.3) x 1016 spins/cm3   (3.12) 
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The latter relation has been used for the determination of the other paramagnetic species 
concentration starting from their normalized area. From the reproducibility of the EPR 
measurements, a typical error of ± 10 % of the registered spectrum intensity has been estimated. 
As a consequence, we attribute this error to all the EPR intensity measurements reported in the 
present Thesis. 
In one of the experiments reported in Chapter 5, we have estimated the concentration of 
E’γ point defects from SH-EPR measurements, since, due to the low concentration of defects, 
the FH-EPR signal was not detectable. These estimations were obtained by multiplying the 
integral of the SH-EPR spectrum by an empirical factor. This factor was obtained by the ratio 
between the concentration of E’γ centers, estimated from FH-EPR measurements, and the 
integral of the SH-EPR spectrum, as obtained in the same sample successively γ-ray irradiated at 
a higher dose so that both the FH- and SH-EPR signals were detectable.  
 
 
 
3.2 The optical absorption spectrometer 
 
The OA measurements were carried out in the UV range with a JASCO V560 
spectrophotometer working in the NIR-VIS-UV. Its simplified block scheme is reported in 
Figure 3.5. The light source for UV range measurements is a deuterium discharge tube operating 
in the wavelength range 190-400 nm (3.1-6.5 eV). The wavelength of the impinging light is 
selected by a double monochromator employing a Czerny-Turner mount plane grating with 600 
lines/mm. The light is then split into two paths, one passing through the sample and the other 
used as a reference. At the end of these paths the light is detected by a photomultiplier tube. The 
spectrophotometer measures the sample absorbance (Abs) from which the absorption coefficient 
can be determined, once the sample thickness is known [see Eq. (1.46)]. 
All the measurements reported in this Thesis were carried out in the range 200-400 nm 
(3.1-6.2 eV) by steps of 0.5 nm with a detection spectral bandwidth 2 nm, scan speed 40 nm/min 
and by averaging data value for ∼1 sec at each data point. 
Figure 3.5  Block scheme of the double-beam spectrophotometer employed for OA measurements. 
 
 
Chapter 4 
 
Materials and treatments 
 
 
 
This chapter is devoted to describe the materials employed in the present Thesis and the 
treatments to which the samples were subjected. The principal details are reported to individuate 
those parameters relevant for the discussion of the experimental results. 
 
 
 
4.1 Materials 
 
The materials used in the present Thesis are of commercial origin. This choice is related 
to the rigidity of the industrial manufacturing and the tested high reproducibility of the material 
characteristics. One material, KUVI, is synthesized by the vapour-axial-deposition (VAD) 
technique [174, 175], whereas the other materials can be classified on the basis of the convention 
introduced in Refs. 176 and 177. In particular, four typologies of silica are distinguished on the 
basis of the main manufacturing features and the concentration of the most diffused impurity, 
the OH group, believed to be bonded to a Si atom, O≡Si-OH, normally bonded to three other 
oxygen atoms: 
 
Type I (natural dry): fusion of quartz powder by electric arc in a crucible in vacuum or 
inert gas atmosphere at low pressure. [OH] < 30 ppm(1); other impurities, usually less than 10 
ppm. 
 
Type II (natural wet): hydrogen/oxygen flame fusion of quartz powder. [OH]: 150 ÷ 
400 ppm; other impurities less than the starting material because some of them are volatilized in 
the flame. 
 
Type III (Synthetic wet): hydrolysis of pure silicon compounds, usually SiCl4, injected 
in gas-phase into a hydrogen/oxygen flame. Actually, the process is an oxidation, since the 
compound is transformed in the flame into fused drops of SiO2. [OH] >> 100 ppm; other 
impurities content negligible since the starting material contains much less impurities than the 
natural quartz. 
 
                                                 
1 The abbreviation ppm indicates parts per million by weight of SiO2 groups. From this definition it follows that 1 
ppm ≅ 7.7x1016 cm-3, valid for OH groups.  
Gianpiero Buscarino                 Experimental investigation on the microscopic structure of intrinsic paramagnetic point defects in a-SiO2 
 64 
Type IV (Synthetic dry): Reaction of O2 with SiCl4 in water-free-plasma. [OH] < 1 
ppm; other relevant impurity: [Cl] ≅ 100 ppm. 
 
A full list of the materials here used is reported in Table 4.1 specifying the type, the OH 
content and the manufacturer. In parenthesis is reported the nickname adopted hereafter. We 
have verified the OH content by IR absorption measurements by detecting the band at 2720 nm 
attributed to the OH stretching vibrational mode of Si-OH, and we have found fair agreement 
with the nominal values. Also reported in Table 4.1 are the concentrations of [AlO4]0 centers 
estimated by room temperature FH-EPR measurements in the various materials after γ-ray 
irradiation at a common dose of 104 kGy. The details of these measurements are reported in 
Paragraph 6.1.3.  
In the present Thesis, the materials KI, KUVI, QC and P453, which after a γ-ray 
irradiation dose of 104 kGy exhibit an [AlO4]0 centers concentration higher than 2x1017 
spins/cm3, will be referred to as Al-containing materials, in contrast with the other materials 
which exhibit lower [AlO4]0 centers concentrations.  
The samples, received in the shape of slabs having sizes 50 x 5 x 1 mm3, were cut in 
pieces of sizes 5 x 5 x 1 mm3. Unless otherwise specified, all the results are reported for the latter 
size. In the following, to simplify reference to the various materials, the notation adopted is 
(nickname)/(dose), where the dose is reported in kGy.  
We finally report that all the samples, also after the cut procedure, present no EPR signal 
before irradiation. Morever, all the native optical activities were found to be quite reproducible in 
samples of the same manufacturing but coming from different stocks. 
 
 
 
4.2 Treatments 
 
In this section we report the irradiation procedures and the thermal treatments employed 
in the present Thesis. We note that for each material all the irradiations were carried out in 
different pieces so, unless otherwise specified, series of irradiated samples were obtained. The 
results reported for each irradiation type refer to these series of samples. 
 
 
 
4.2.1 γ-ray irradiation 
 
Our study of point defects induced by ionizing radiation was performed prevalently by 
exposing the samples to γ-rays in a 60Co source (the irradiation was carried out in the irradiator 
IGS-3 of the Department of Nuclear Engineering, University of Palermo). γ-rays emitted by 60Co 
have energies 1.17 MeV and 1.33 MeV (mean energy 1.25 MeV). In the irradiator the dose rate 
for SiO2 was ~3 kGy/h. All the irradiations were carried out at room temperature, in normal 
atmosphere, and in the dose range from 0.5 kGy up to 104 kGy. 
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4.2.2 β-ray irradiation 
 
Irradiation with electrons of 2.5 MeV and current 20 mA was carried out in a Van de 
Graaff accelerator (irradiation was performed at LSI laboratory, Palaiseau, France) [183]. The 
dose range investigated was 1.2 x 103 kGy ÷ 5 x 106 kGy, at the dose rate 20 kGy/sec (SiO2) and 
at T = 330 K. Moreover, only for this irradiation the sample size was 5 x 5 x 0.5 mm3, where the 
thickness was 0.5 mm for irradiation homogeneity reasons and to avoid charge trapping and 
consequent current leakage. 
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4.2.3 Thermal treatments of the irradiated samples 
 
After the irradiation some samples were thermally treated to investigate the stability of the 
radiation-induced centers and, more in general, to study the thermally activated processes 
involving the defects. These treatments were performed in an electric furnace equipped with an 
internal thermometric sensor and a feedback electronic circuit to stabilize the temperature within 
± 3 K. 
In each thermal cycle, after the furnace had reached the pre set temperature, the sample 
was placed inside the furnace. It is worth to note that immediately after the sample insertion the 
temperature variation observed was not relevant for the overall treatment (maximum variation of 
–5 K balanced within 2-3 min). After the end of the thermal cycle the sample was removed from 
the furnace and was returned to room temperature at normal atmosphere. After thermalization to 
room temperature the sample was monitored by EPR and OA measurements.  
Two thermal treatment sequences were executed. They can be distinguished according to 
usual nomenclature [184]. The isochronal treatment is the sequence of thermal treatments q(Ti,t) 
each with constant time interval, t, but at different temperatures, Ti. The isothermal treatment is the 
sequence of treatments q(T,ti) with fixed temperature, T, but for a sequence of time intervals, ti.  
 
Chapter 5 
 
E’γ center in a-SiO2 : 
variants and structural modifications 
 
 
 
In the present chapter we present a characterization of the E’ γ center in a-SiO2 by EPR 
and OA measurements. In particular, we focus our attention on the E’γ EPR main line as well as 
on the strong hyperfine structure, and on its OA band peaked at ~5.8 eV. In Paragraph 5.1 the 
effects on these features induced by γ-ray irradiation up to a maximum dose of ~104 kGy  are 
reported and discussed together with the changes induced by thermal treatments of the irradiated 
samples, whereas the results obtained extending this study to β-ray irradiation up to a maximum 
dose of ~5x106 kGy are reported in Paragraph 5.2.  
The materials considered here are of commercial origin, obtained by synthesis techniques 
or from fused quartz both of dry ([OH]<20 ppm) and wet ([OH]>150 ppm) types [see Table 4.1 
(Chapter 4)]. In particular, the present chapter is devoted to the a-SiO2 materials which, after γ-
ray irradiation at 104 kGy, exhibit [AlO4]0 centers concentrations lower than ~1017 spins/cm3, 
whereas a further characterization of the E’γ center in the materials with higher [AlO4]0 centers 
concentration will be reported in the successive two chapters.   
 
 
 
5.1 Effects of γ-ray irradiation and thermal treatment 
 
5.1.1 Main resonance line 
 
A typical FH-EPR spectrum obtained in materials γ-ray irradiated at high doses is shown 
in Figure 5.1, as measured in a sample S1/5x103 using Pin = 8 x 10-4 mW, νm = ωm/2π = 100 kHz 
and Hm = 0.01 mT. In this figure, the upper scale relative to the g values has been obtained by 
fixing the first positive peak position of the E’γ center at g1=2.00180 [2]. We estimated the g2 and 
g3 principal values directly from the magnetic field positions indicated by vertical lines in Figure 
5.1 (see Paragraphs 1.1.2.1 and 1.1.2.2). The obtained values, g2= 2.00063 ± 0.00002 and 
g3=2.00036 ± 0.00002, are in quite good agreement with those corresponding to the maxima of 
the statistical distributions, g2 =  2.0006 and g3 = 2.0003, obtained by Griscom using a computer 
simulation of the experimental EPR spectrum [Figure 2.9 (b)].  
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In one of our previous works [100] we have pointed out that two EPR line shapes of the 
E’γ center, arising from two slightly different microscopic structures, can be distinguished in 
natural dry and wet and in synthetic dry a-SiO2 materials. The main results found in that work are 
here summarized, for convenience. In Figure 5.2 (a) three normalized EPR spectra of the E’γ 
center are superimposed, measured in the natural dry I301 material γ-ray irradiated at three 
different doses: 0.5 kGy, 50 kGy and 5x103 kGy. The curve of the E’γ centers concentration as a 
function of the irradiation dose is reported in the inset of the same figure. As shown, a 
modification of the E’γ center EPR line shape occurs on increasing the irradiation dose, even 
though no specific feature attributable to the occurrence of this line shape change can be 
recognized in the growth curve of the defects concentration. The difference ∆g1,2 = g1 – g2 varies 
from 0.00124 at a dose of 0.5 kGy up to 0.00115 at 5x103 kGy. The variation of ∆g1,3 = g1 – g3 is 
less pronounced on increasing the dose, changing from 0.00147 at a dose of 0.5 kGy to 0.00142 
at 5 x103 kGy. The EPR line shapes reported for the sample irradiated at 0.5 kGy and 5x103 kGy 
were observed for all the γ-ray doses lower than ~10 kGy (low-dose range) and higher then ~103 
kGy (high-dose range), respectively, whereas for doses between these two values an intermediate 
EPR line shape has been found. The low- and high-dose E’γ center FH-EPR signals were found 
to differ in the saturation properties with microwave power, as shown in Figure 5.3, presumably 
due to the different concentration of defects induced in the two dose ranges. For convenience, 
symbols L1 and L2 have been adopted for the low- and high-dose EPR line shapes, respectively. 
It has been found that the phenomenology reported for the I301 is a feature common to all the 
other natural dry and wet and synthetic dry materials. Indeed, in these materials it has been 
observed the line shape L1 after low γ-ray irradiation doses and the line shape L2 after high γ-ray 
doses, within an uncertainty in the principal g values less than 4x10-5.  
Figure 5.1  EPR spectrum of the E’γ center as detected in the sample S1/5x103. The scale of 
the g values is also reported, obtained by fixing the first positive peak position of the E’γ center 
at g=2.00180 [2]. 
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Figure 5.2  FH-EPR spectra of the E’γ center normalized to peak-to-peak signal amplitude and 
horizontally shifted to overlap the first maximum. (a) I301 samples irradiated at γ-ray doses 0.5 kGy 
(solid line), 50 kGy (short-dashed line), and 5x103 kGy (long-dashed line); inset: E’γ center 
concentration as a function of the γ-ray dose (the solid line is a guide for the eye). (b) I301 sample 
after irradiation at 4x103 kGy (dashed line) and after isochronal thermal treatments up to T=460 K 
(solid line). The squares refer to the reference I301 irradiated at a dose of 0.5 kGy. Inset: E’γ center 
concentration as a function of the isochronal thermal treatment temperature. Adapted from Ref. 
100. 
 
(a) 
 
(b) 
 
Figure 5.3  Saturation with microwave power of the FH-EPR signal of the E’γ center in the samples 
I301/0.5 (squares) and I301/5x103 (circles). The linear dependence of the squared FH-EPR signal as 
a function of Pin is evidenced by dash-dotted lines. After Ref. 185. 
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The effect of an isochronal thermal treatment on a sample I301/4x103 in which the E’γ 
center with the L2 line shape was preliminarily induced by γ-ray irradiation was studied in the 
same work [100]. In this experiment a gradual change from L2 toward L1 was found to occur 
[Figure 5.2 (b)], even if the concentration of E’γ centers remains almost constant [see inset of 
Figure 5.2 (b)]. This line shape change was found to occur in the temperature range from 370 K 
to 460 K, whereas for temperature T ≤ 370 K and T ≥ 460 K the line shapes L2 and L1, 
respectively, were observed. Results similar to those summarized in Figure 5.2 were also obtained 
in natural dry and wet and in synthetic dry a-SiO2 materials [100].  
In the synthetic wet materials, for γ-ray irradiation doses higher than ~200 kGy, the E’γ 
center EPR line shape of type L2 was observed. However, in this type of material, at variance 
with the other types, a complete study of the E’γ center EPR line shape in the low-dose limit was 
not possible, due to its high radiation resistance which prevents the observation of the FH-EPR 
signal of the E’γ center for γ-ray irradiation doses lower than ~200 kGy [100].  
In the present Thesis, the above reported study has been extended. In order to investigate 
the E’γ center EPR line shape in synthetic wet materials for doses lower than ~200 kGy we have 
performed SH-EPR measurements, which allows to obtain an higher sensitivity in revealing the 
E’γ center. The SH-EPR spectra of the E’γ center were detected with Pin = 5 mW, νm = ωm/2π = 
100 kHz and Hm = 0.01 mT. This experimental setting permits to distinguish between the two 
EPR line shapes L1 and L2, as shown in Figure 5.4 in which the normalized SH-EPR spectra of 
the E’γ center obtained for the same samples of Figure 5.2 (a) are superimposed. A similar study 
was performed in many natural dry and wet and synthetic dry samples and features similar to 
Figure 5.4  SH-EPR spectra of the E’γ center in the material I301 irradiated at the γ-ray doses 0.5 
kGy, 50 kGy and 5x103 kGy. The SH-EPR spectra have been normalized to the signal amplitude in 
correspondence to the maximum and have been horizontally shifted to overlap the first inflexion 
points.  
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those obtained previously by using FH-EPR were derived [100].  
Once this preliminary investigation was concluded, we have investigated the E’γ center 
EPR line shape in a S1 material γ-ray irradiated in the dose range from 0.5 kGy up to 104 kGy, 
using both FH- and SH-EPR measurements. The growth of concentration with the irradiation 
dose obtained for this sample is shown in Figure 5.5. FH-EPR measurements (filled symbols) 
show that the concentration grows up to a dose of about 103 kGy, where it becomes constant 
and unchanged up to the largest investigated doses. SH-EPR measurements (open symbols) were 
found to possess about two orders of magnitude higher sensitivity in revealing the E’γ center 
signal with respect to the FH-EPR ones, and they have permitted us to investigate the dose 
dependence of concentration of defects down to 0.5 kGy. To estimate the concentration of 
defects from SH-EPR measurements we have multiplied the integral of the SH-EPR spectrum by 
an empirical factor. This factor has been obtained in a sample S1/2x103 from the ratio between 
the concentration of E’γ centers, estimated from FH-EPR measurements, and the integral of the 
SH-EPR spectrum. Note that, in the range of doses from 2x102 kGy up to 1x104 kGy, in which 
both FH- and SH-EPR signals of the E’γ centers are detected, the concentrations of defects 
estimated with the two acquisition conditions coincide, within an experimental uncertainty of 
10%.  
Taking advantage of the high sensitivity of the SH-EPR measurements, we have 
investigated the E’γ center EPR line shape down to the lowest γ-ray doses considered. The 
normalized spectra recorded by SH-EPR in the S1 material after irradiation at the doses 2 kGy 
and 104 kGy are superimposed in Figure 5.6. The two line shapes L1 and L2 are also shown in 
the figure, as a reference. From inspection of Figure 5.6, we conclude that the E’γ center EPR line 
shape in the synthetic wet material S1 is of type L2 in all the dose range investigated. It is worth 
to note that this experiment also permits to exclude that EPR line shape differences between L1 
and L2 could be attributable to dipolar broadening effects. In fact,  in the S1/2  sample  the  only  
Figure 5.5  Concentration of the E’γ centers in sample S1 as a function of the γ-ray irradiation dose 
as determined by FH-EPR (filled symbols) and SH-EPR (open symbols) measurements. The error 
of measurement is comparable with the size of the symbols.  
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Figure 5.6  SH-EPR spectra of the E’γ center in a sample of S1 after accumulation of γ-ray 
irradiation doses 2 kGy and 104 kGy, compared to the reference line shapes L1 and L2. The SH-
EPR spectra have been normalized to the signal amplitude in correspondence to the maximum and 
have been horizontally shifted to overlap the first inflexion points.  
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Figure 5.7  FH-EPR spectrum of the E’γ center main line acquired in a sample of S1/5x103 
compared to those obtained for the same sample after isochronal thermal treatments up to three 
different temperatures. The FH-EPR spectra have been normalized to the peak-to-peak signal 
amplitude. Inset: E’γ center concentration as a function of the isochronal thermal treatment 
temperature. 
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detectable EPR signal is that of the E’γ center, whose concentration is ~1014 spins/cm3. At 
variance, in natural dry samples the line shape L1 is observed for concentration of E’γ center up 
to ~1016 spins/cm3, so excluding that the line shape L2, which has a little broader EPR line than 
L1, could result from dipolar broadening effects. In agreement with this conclusion, the expected 
single center dipolar line width contribution for a system of paramagnetic centers distributed 
homogenously in space and characterized by S=½, g ≅ 2 and having a concentration N ≅ 1014 
spins/cm3 is [11] ∆Hdipolar ≅ 2.3 g µB N [S(S+1)]½ = 5x10-7 mT. This quantity is too small to be 
responsible for the differences observed between L1 and L2 line shapes.   
Although the L1 line shape cannot be induced by irradiation in the S1 material, we have 
found that it is obtained by a successive thermal treatment of an irradiated sample. This 
experimental result is shown in Figure 5.7, in which the E’γ center EPR spectrum of a sample 
S1/5x103 is compared to those obtained after isochronal thermal treatments up to three different 
temperatures. As shown, thermal treatments of the sample induce a gradual EPR line shape 
conversion from L2 to L1. This variation has been found to occur in the temperature range from 
370 K to 460 K, in quite good agreement with that at which the same process occurs in the other 
type of materials, even if for the synthetic wet a concentration reduction occurs, as evidenced in 
the inset.  
Summarizing, upon γ-ray irradiation two types of E’γ centers can be induced in natural dry 
and wet and synthetic dry materials, distinguishable on the basis of their EPR line shape which is 
of type L1, in the low-doses range, and of type L2, in the high-doses range.  At variance, in 
synthetic wet materials only the E’γ center with an EPR line shape L2 can be induced by γ-ray 
irradiation. Finally, in all the four types of materials the γ-ray induced L2 line shape converts to 
L1 by thermal treatments in the temperature range from 370 K to 460 K.  
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5.1.2 Strong hyperfine structure 
 
As discussed in Paragraph 2.3.1, the strong hyperfine structure of the E’γ center consists 
in a pair of lines split by ~42 mT. The typical SH-EPR spectrum obtained in the materials γ-ray 
irradiated at high doses is shown in Figure 5.8, as measured in a sample S1/5x103 using Pin = 50 
mW, νm = ωm/2π = 100 kHz and Hm = 0.3 mT. From inspection of the SH-EPR spectrum of 
Figure 5.8 we have estimated a full width at half maximum (FWHM) of ~4.4 mT and ~3.7 mT, 
for the low- and high-filed components of the E’γ center hyperfine doublet, respectively, and a 
splitting of ~41.8 mT, in quite good agreement with the values obtained in previous 
investigations [77, 79, 81].  
The saturation properties with microwave power of the 42 mT doublet FH-EPR signal 
are reported in Figure 5.9 for a sample EQ906/103, as determined from the high-field 
component of the pair (shown in the inset). This curve pertains to the high-dose range and has 
been found to be characteristic of all the considered samples. At variance, a similar study in the 
low-dose range was prevented, as the concentration of defects has been found to be too low to 
detect the related hyperfine structure FH-EPR signal. From the comparison of Figure 5.9 with 
Figure 5.3 it is evident that the FH-EPR signal of the E’γ center hyperfine structure is less 
saturable with respect to that of the main resonance line, as already noted in previous 
investigations [77], probably due to the occurrence of relaxation mechanisms involving the 
nuclear magnetic moment of the 29Si [77].  
We have verified the attribution of the 42 mT doublet to the strong hyperfine structure of 
the E’γ center by comparing the concentration of defects responsible for the doublet with that of 
the defects responsible for the main resonance line of the E’γ center. In fact, for a microscopic 
Figure 5.8  SH-EPR spectrum of the ~42 mT hyperfine doublet of the E’γ center in a sample 
S1/5x103.  
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structure as that of the E’γ center, the value of this ratio is expected to be about equal to the 
natural abundance of 29Si nuclei (see Paragraph 1.1.3.1). This study has been performed 
considering natural, dry and wet, and synthetic, dry and wet, materials γ-ray irradiated in the dose 
range from 3x102 kGy up to 104 kGy. The concentrations of defects were estimated by FH-EPR 
measurements and by using Pin = 5 x 10-2 mW, νm = ωm/2π = 100 kHz and Hm = 0.8 mT, for the 
42 mT doublet, and Pin = 8 x 10-4 mW, νm = ωm/2π = 100 kHz and Hm = 0.01 mT, for the main 
resonance line. These experimental parameters were adequately chosen in order to guarantee for 
all the investigated samples the acquisition of the FH-EPR signals in the region of linear growth 
with microwave power and, consequently, to avoid erroneous quantitative estimations due to the 
occurrence of saturation effects [77]. In Figure 5.10 the concentration of defects responsible for 
the 42 mT doublet is reported as a function of the concentration of defects responsible for the 
main resonance line of the E’γ center in many of the samples considered. As shown, the two 
concentrations are strictly correlated, and by a fit procedure we have estimated a concentration 
ratio of the hyperfine structure with respect to the E’γ center main line of 0.050 ± 0.005. This  
value is in quite good agreement with the ∼4.7 % natural abundance of the 29Si nuclei and 
confirms the attribution of the 42 mT doublet to the strong hyperfine structure of the E’γ center.  
  
As emerged in the discussion reported in the previous paragraph, two different E’γ 
centers can be distinguished in a-SiO2 on the basis of their main EPR line shapes. Furthermore, it 
has been suggested that the differences in the two line shapes, L1 and L2, could have structural 
origin [100]. Under this hypothesis, it is expected that the strong hyperfine structures 
corresponding to E’γ centers characterized by L1 and L2 should also differ. In fact, as discussed 
in Paragraph 1.1.1.2, the isotropic and anisotropic hyperfine constants are strictly connected to 
the structural parameters of the defect. In order to verify this expectation, we have extended the 
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Figure 5.9  Saturation with microwave power of the FH-EPR signal of the 42 mT doublet in the 
sample EQ906/103, as determined by double integral of the high-field component of the doublet. 
The linear dependence of the squared FH-EPR signal as a function of Pin is evidenced by the 
straight line. In the inset the FH-EPR spectrum obtained in the same sample for the high-field 
component of the 42 mT doublet is reported, measured using Pin = 5 x 10-2 mW, νm = ωm/2π = 100 
kHz and Hm = 0.8 mT. 
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study  limited to the E’γ main resonance line previously discussed, carrying out a detailed 
investigation of the EPR line shape of the 42 mT hyperfine doublet. This study has been 
performed by using SH-EPR measurements, as they give the necessary sensitivity to perform line 
shape analysis. Furthermore, in the favourable cases in which the concentration of defects was 
high enough, the results obtained with SH-EPR measurements were also verified by the FH-EPR 
ones. In Figure 5.11 the SH-EPR hyperfine spectra obtained for the samples I301/0.5 and 
Figure 5.10  Concentration of defects responsible for the 42 mT doublet as a function of the 
concentration of defects responsible for the main resonance line of the E’γ center in a-SiO2 materials 
γ-ray irradiated in the dose range from 3x102 kGy to 104 kGy. The straight line, with slope 1, is 
superimposed to the data, for comparison. 
 
1016 1017
1015
1016
1017
 S300/8x103
 S1/104
 I301/103
 EQ906/3x102
 EQ906/103
 EQ906/104
 QPA/104
 H3/104
 H1/104
 
 
42
 m
T 
hy
pe
rf
in
e 
do
ub
le
t (
sp
in
s/
cm
3 )
E'γ center (spins/cm
3)
Figure 5.11  SH-EPR spectra of the 42 mT doublet acquired in the I301/0.5 sample (red line) and 
5x103 (black line). The SH-EPR spectra have been normalized to the signal amplitude in 
correspondence to the maximum of the high-field component of the 42 mT doublet.  
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I301/5x103 are superimposed. As it can be observed, two distinguishable line shapes are found, 
as expected. These two characteristics EPR line shapes are observed for γ-ray irradiation doses 
lower than 10 kGy and higher than 103 kGy, whereas for doses between these two values the 
EPR line shape was found to be an intermediate one. From the spectra of Figure 5.11 we have 
estimated that in the dose range from 10 kGy to 103 kGy the FWHM of the low-field component 
of the doublet increases from ~3.7 mT to ~4.4 mT, whereas that of the high-field component 
increases from ~3.2 mT to ~3.7 mT, with an increase percentage in both cases of about 14 %. At 
variance, for all the doses investigated, no relevant change of the hyperfine splitting has been 
observed.  
From the study over many irradiated and thermally treated materials, it emerged that a 
correspondence exists between the EPR line shape variation of the 42 doublet and that of the 
main line of the E’γ center. This property is further pointed out by Figure 5.12, in which the 
normalized SH-EPR spectra of the low- and high-field components of the 42 mT doublet, 
acquired in a sample of S1/5x103, are compared to those obtained for the same material after 
isochronal thermal treatments at three different temperatures. As reported, an inverse line shape 
variation occurs with respect to that observed by irradiation in the hyperfine structure. The 
analogous modifications observed in the main resonance line of the E’γ center in the same sample 
during the same thermal treatment experiment were discussed in the previous paragraph and are 
reported in Figure 5.7. The comparison of Figures 5.12 and 5.7 points out that the EPR line 
shapes changes observed both in the main line and in the hyperfine doublet are strictly correlated, 
suggesting that they could originate from the occurrence of a common relaxation process.  
It is worth to note that a thermally induced reduction of the FWHM of the hyperfine 
lines similar to that reported in Figure 5.12 was also reported by Griscom [2, 79]. He showed that 
this feature is connected to a reduction of the width of the statistical distribution of the angle ρ 
between the dangling bond orbital and the three basal oxygens [see Figure 1.1 (a)]. The relevance 
of this result consists in the fact that it associates a structural picture to the hyperfine line shape 
variation, even though the exact amount of the change occurring in the distribution of the angle 
ρ is object of controversy [26].  
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Figure 5.12  SH-EPR spectra of the (a) low- and (b) high-field components of the 42 mT doublet 
acquired in a sample of S1 γ-ray irradiated at a dose of 5x103 kGy compared to the corresponding 
spectra obtained for the same material after isochronal thermal treatments at three different 
temperatures. The SH-EPR spectra have been normalized to the signal amplitude in correspondence 
to the maximum to the lines.  
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5.1.3 Optical absorption band 
 
As discussed in Paragraph 2.3.1 the E’γ center also possesses an OA band peaked at ~5.8 
eV and, in fact, together to the EPR signal of the E’γ center, an OA band in the expected spectral 
position has been observed in all the irradiated samples we have considered. The typical OA 
spectrum in the UV energy region is shown in Figure 5.13, acquired for a sample S1/8x103. Also 
shown in Figure 5.13 are the four Gaussian profiles used to fit the spectrum with the aim to 
disentangle the contribution of the OA band associated to the E’γ center from those arising from 
other centers and contributing to the total absorption spectrum of the sample. In particular, to fit 
the experimental OA spectra discussed in the present paragraph we have used a band peaked at 
4.67 eV with FWHM of 0.93 eV, a band peaked at 5.06 eV with FWHM = 0.46 eV, a band at 
5.82 eV with FWHM = 0.78 eV, and a band at 6.34 eV with FWHM = 0.46 eV. The spectral 
features of the first three bands are in agreement with those attributed to the non-bridging 
oxygen hole center (NBOHC), the ODC(II) center and the E’γ center, respectively [50], whereas 
the latter band is introduced to take into account the absorption profile on the high energy 
shoulder of the E’γ centers OA band. It is worth to note that, we have verified that the 
introduction of this latter band in the fit of the OA spectra does not affect the results reported 
and discussed in the following.   
By using the above described spectral decomposition and by fixing the spectral features 
of all the bands but those of the E’γ center OA band, we have studied many different samples, γ-
ray irradiated in the dose range from 0.1 kGy up to 104 kGy. We have found that a shift towards 
lower energies of the peak position of the OA band associated to the E’γ centers occurs in 
concomitance to the change of the EPR line shape from L1 to L2. This effect is shown in Figure 
5.14 (a), in which we report the OA spectra acquired in the sample EQ906 γ-ray irradiated at the 
Figure 5.13  OA spectrum (continuous line) normalized to the maximum absorption coefficient. 
The fit result is represented by circles and the components bands by dashed lines. 
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doses 1 kGy, 10 kGy and 3x102 kGy. The spectra of Figure 5.14 (a) have been obtained 
subtracting the spectrum of the not irradiated sample to those of the irradiated ones and 
normalizing to the maximum value of the ∆ absorption at about 5.8 eV. The corresponding not 
normalized OA spectra are reported in the inset of the same figure, whereas the concentration 
growth of E’γ center with the irradiation dose is shown in Figure 5.14 (b). In this latter figure it is 
indicated if the EPR line shape of the E’γ center is of type L1, L2 or intermediate, in 
correspondence to the various irradiation doses considered. From the data reported in Figure 
5.14 (a), by a fit procedure, we have estimated that the peak position of the E’γ canter OA band is 
centred at 5.83 ± 0.01 eV, when the defect exhibits the L1 EPR line shape, and at 5.77 ± 0.01 eV, 
when the defect exhibits the L2 line shape.  
After irradiation at the maximum dose of 3x102 kGy, the same sample was isochronally 
thermally treated in the temperature range from 320 K up to 820 K in order to induce the E’γ 
EPR line shape conversion from L2 to L1. Also in this case we have monitored both the main 
resonance line of the E’γ center and its OA band. In Figure 5.15 (a) we report the OA spectra 
acquired in a sample EQ906/3x103 before the thermal treatment and after the thermal treatment 
at two different temperatures of the isochronal treatment. The spectra of Figure 5.15 (a) have 
been obtained subtracting the spectrum of the not irradiated sample to those of the irradiated and 
thermally treated ones and normalizing to the maximum value of the ∆ absorption at about 5.8 
eV. The corresponding not normalized OA spectra are reported in the inset of the same figure, 
whereas the concentration of E’γ center during the thermal treatment experiment is shown in 
Figure 5.15 (b). As shown, upon thermal treatment, the OA band associated to the E’γ centers 
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Figure 5.14  (a) OA spectra acquired in the sample EQ906 γ-ray irradiated at the doses 1 kGy, 10 
kGy and 3x102 kGy. The spectra have been obtained subtracting the spectrum of the not irradiated 
sample to those of the irradiated ones and normalizing to the maximum value of the ∆ absorption at 
about 5.8 eV. The corresponding not normalized OA spectra are reported in the inset. (b) 
Concentration of the E’γ centers as a function of the γ-ray irradiation dose. In (b) it is indicated if the 
EPR line shape of the E’γ center is of type L1, L2 or intermediate, in correspondence to the various 
irradiation doses.  
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undergoes a peak shift from 5.77±0.01 eV to 5.86±0.01 eV. This blue shift is about of the same 
amount and in the opposite direction with respect to that observed under irradiation, in 
accordance with the observed thermally induced conversion of the E’γ EPR line shape from L2 
to L1.  
In order to study in more detail the correlation between the changes observed in the main 
EPR line shape and in the peak position of the 5.8 eV OA band we have considered four 
samples: EQ906 (natural dry), H1 (natural wet), S1 (synthetic wet) and an S300  (synthetic dry), γ-
ray irradiated at the doses 1.8x103 kGy, 3x103 kGy, 8x103 kGy and 8x103 kGy, respectively. After 
γ-ray irradiation the samples have been subjected to the same sequence of isochronal thermal 
treatments in the temperature range from 330 K up to 950 K in order to induce the EPR line 
shape conversion of the E’γ centers from L2 to L1. Both the EPR and the OA spectra were 
acquired at each different temperature. In this study we have found that in all the investigated 
samples the area of the Gaussian OA band associated to the E’γ centers is correlated to their  
EPR signal, in agreement with the already known correlation of the EPR and OA spectral 
features associated to the E’γ centers [50]. In order to make a quantitative analysis of the 
correlation between the changes observed in the OA and in the EPR spectra of the E’γ centers, 
we have determined, for each sample and in correspondence to the various temperatures of the 
treatment, the shift of the peak position of the OA band and that of ∆g1,2 with respect to the 
values corresponding to the line shape of reference L2. In Figure 5.16, these shifts are reported 
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Figure 5.15  (a) OA spectra acquired in the sample EQ906/3x103 before thermal treatment and after 
thermal treatment at two different temperatures of an isochronal treatment. The spectra have been 
obtained subtracting the spectrum of the not irradiated sample to those of the irradiated and 
thermally treated ones and normalizing to the maximum value of the ∆ absorption at about 5.8 eV. 
The corresponding not normalized OA spectra are reported in the inset. (b). Concentration of the E’γ 
centers as a function of the isochronal thermal treatment temperature. In (b) it is indicated if the EPR 
line shape of the E’γ center is of type L1, L2 or intermediate, during the thermal treatment at the 
various temperatures.  
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for all the investigated samples and they show a pretty good correlation for all the thermal 
treatments suggesting a connection between the induced changes. 
 
 
 
5.1.4 Discussion 
 
As emerges from the data reported in the previous paragraphs, two structures of the E’γ 
center can be distinguished on the basis of their EPR and OA features. The main EPR and OA 
spectroscopic parameters characterizing these two types of E’γ centers are summarized in Table 
5.1. In the following, for convenience, we will refer to the E’γ center with the spectral properties 
reported in the first and second rows of Table 5.1 as E’γ (1) and E’γ (2), respectively.  
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Figure 5.16  Shift of the position of the Gaussian band at about 5.8 eV, derived from the fitting of 
the OA spectra, as a function of the variation of ∆g1,2 = (g1 - g2), derived from the FH-EPR spectra 
of the E’γ centers, measured during the thermal treatment experiments of the samples 
EQ906/1.8x103, H1/3x103, S1/8x103, S300/8x103. The differences are calculated with respect to the 
line shape of reference L2. The straight line has been obtained from Eq. (5.2) [see Paragraph 5.1.4]. 
The error bars for the quantities reported in abscissa and in ordinate axes are ±0.00002 and ±0.01 eV, 
respectively. 
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We have found that in the natural dry and wet and in synthetic dry materials for γ-ray 
irradiation doses lower than ~10 kGy  and higher than ~103 kGy the E’γ (1) and E’γ (2) centers 
are observed, respectively, whereas in the synthetic wet materials only the E’γ (2) is detected in 
correspondence to all the irradiation doses considered. Furthermore, we have found that, upon 
thermal treatment in the temperature range from 370 K to 460 K, the E’γ (2) center undergoes to 
a structural conversion leading its spectral features to coincide with those of the E’γ (1) in all the 
four types of materials. 
In principle, one can infer that the observed changes of the spectroscopic features from 
those of E’γ (1) center to those of the E’γ (2) on increasing the γ-ray dose can be an effect of the 
prolonged irradiation of the sample, which increases the structural disorder around the defect. In 
agreement with this hypothesis, the EPR line shapes of both the main resonance line and the 
hyperfine structure of the E’γ (2) center are wider than those of the E’γ (1). However, the results 
of the irradiation experiments on the synthetic wet materials disagree with this picture. In these 
materials, in fact, only the E’γ (2) center is observed, also for γ-ray irradiation doses as low as 0.5 
kGy. Alternatively, the existence of two different precursors of the E’γ center can be supposed, 
which upon irradiation generate two spectroscopically distinguishable defects: the E’γ (1) and the 
E’γ (2) centers. Since the E’γ (1) center is observed in correspondence to lower γ-ray irradiation 
doses than the E’γ (2), then the precursor site of the latter should possess a radiation activation 
energy higher than that of the former. Furthermore, since the line shape L2 is observed in all the 
materials irradiated at doses higher than 103 kGy, it follows that the concentration of the 
precursors of the E’γ (2) center is higher than that of the E’γ (1) center in all the materials 
investigated. In this scheme, the observed change of the spectroscopic features in the dose range 
from 10 kGy to 103 kGy, observed in all the materials but the synthetic wet ones, can be 
attributed to a competitive growth of the E’γ (1) and the E’γ (2) centers, resulting in an overall line 
shape which is intermediate between L1 and L2. In contrast, in the synthetic wet materials the E’γ 
(1) is not induced by irradiation, indicating that its precursor site is ineffective (or absent at all) 
and consequently the materials exhibit higher radiation resistance and only the E’γ (2) center is 
observed.  
It is worth to note that the existence of more than a single precursor site for the E’γ 
center in a-SiO2 has been previously suggested on the basis of many experimental and theoretical 
works, as discussed in Paragraph 2.3.1. In this respect, the experimental characterization reported 
in the previous paragraphs could furnish a method to discern between E’γ centers belonging to 
two classes distinguished on the basis of the EPR and OA properties summarized in Table 5.1.  
One of the most important results of our investigation consists in the observation of a 
thermally induced shift of the OA band of the E’γ (2) center strictly correlated to the variation 
observed in both the main EPR line [see Figure 5.16] and hyperfine doublet of the same center. 
As discussed in the following, this result permits to gain information on the nature of the 
electronic levels involved in the OA band of the E’γ, which is one of the most relevant open 
questions concerning this point defect. In Figure 5.17 we report the oxygen vacancy structure of 
the E’γ center (top) and the corresponding energetic levels scheme (bottom). The schematic 
representation of the energy levels of the O≡Si• moiety is that of the broken tetrahedron 
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structure, already discussed in Paragraph 1.1.2 [see also Figure 1.1], whereas for the +Si≡O 
structure facing the unpaired electron we consider only the energy level of its first unfilled state, 
which has been supposed by some authors to be involved in the transition responsible for the 
~5.8 eV OA band of the E’γ centers [104, 106]. This latter transition is indicated by the arrow 3 
in Figure 5.17, whereas the other two possible transitions, occurring between pairs of states both 
belonging to the O≡Si• moiety, are indicated by arrows 1 and 2. As discussed in Paragraph 1.1.2, 
the ∆g||, ⊥=g|| - g⊥ for a paramagnetic center with the broken tetrahedron structure, as the O≡Si• 
group in Figure 5.17 (top), is given by 
 
                              ( )( ) ( )( )

 ++−−−−=∆ ⊥
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2
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Figure 5.17  Oxygen vacancy structure of the E’γ center (top) and the corresponding energetic levels 
scheme (bottom). The schematic representation of the energy levels of the O≡Si• moiety (left) is that of 
the broken tetrahedron [17], discussed in Paragraph 1.1.2, whereas for the +Si≡O structure facing the 
unpaired electron (right) only the energy level of its first unfilled state is indicated. Arrows 1 and 2 
indicate the two transitions occurring among states of the O≡Si• moiety, whereas arrow 3 indicates a 
charge transfer transition occurring from the O≡Si• moiety to the +Si≡O group.  
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where 23pC is the 3p percentage of the atomic orbital of Si involved in the unpaired electron wave 
function, whereas Eb and Ea [shown in Figure 5.17] are the differences between the energy of the 
dangling bond state and those of valence (made by the Si-O bonding orbitals) and conduction 
(made by the Si-O antibonding orbital) states, respectively. The parameters γ and δ are small 
corrections (γ«1, δ«1) to the ⊥g value  introduced in order to make the hybrid orbitals of the 
outer shell of the Si atom orthogonal to the core states and to take into account a partial ionic 
character of the Si-O bonds, respectively [18].  The importance of Eq. (5.1) consists in the fact 
that it puts forward a connection between the quantity ∆g||, ⊥ and the energies Ea and Eb. In 
particular, Eq. (5.1) predicts that a change of the energies Ea and Eb reflects in a change of ∆g||, ⊥, 
and vice versa. In order to compare the experimentally estimated values, shown in Figure 5.16, 
with those predicted from Eq. (5.1), we suppose that the ~5.8 eV OA band arises from the 
transition from the valence band states to the unpaired electron orbital (transition 1 in Figure 
5.17) and that the sum Ea+Eb does not change upon thermal treatment. Furthermore, we assume 
that Ea+Eb is nearly equal to the gap energy of a-SiO2, Eg ≅ 8.5 eV [1]. In this scheme, the only 
energy level allowed to change is that of the unpaired electron state. In addition, we use the 
values γ=-0.17 [17], λ =0.02 eV [17] and 23pC = 0.65 [2]. Finally, we assume δ=0, which 
corresponds to neglect the partial ionic character of the Si-O bond [18]. Under these hypothesis, 
by differentiating Eq. (5.1) one obtains  
 
              ( ) ( ) ( )( ) b2bg2b23p E δEE γ1E γ1Cλ∆g δ |,| =



−
++−=⊥  (1.93 x 10-3) δ Eb   (5.2) 
 
The straight line defined by Eq. (5.2) is compared to the experimental data in Figure 5.16, 
assuming that for the E’γ center it is possible to approximate ∆g1,2 ≅ ∆g||,⊥. As shown, an excellent 
agreement is found, strongly supporting the validity of the model and of the approximations used 
to obtain Eq. (5.2).  Note that if one assumes that the OA band of the E’γ center is due to the 
transition indicated with the arrow 2 in Figure 5.17, to which corresponds an energy difference 
Ea, then the slope of the straight line indicated in Figure 5.16 changes sign, resulting in quite 
disagreement with the experimental data. Furthermore, it is worth to note that, if one assumes 
that the OA band of the E’γ center is associated to the transition indicated by arrow 3 in Figure 
5.17, then no obvious correlation exists between the value of the peak position of the OA band 
and that of ∆g1,2, in disagreement with the experimental data reported in Figure 5.16. In Eqs. (5.1) 
and (5.2), in fact, no physical parameters depending on the +Si≡O structure facing the unpaired 
electron are contained, as it has been supposed that only a negligible portion of the unpaired 
electron wave function is localized on it.  
In view of the good agreement between the experimental data and the dependence 
predicted on the basis of Eq. (5.2), shown in Figure 5.16, one of our assumptions deserves to be 
discussed in more detail. As noted above, we have supposed that the only energy level which is 
allowed to shift during the structural change of the E’γ (2) upon thermal treatment, associated to 
the main line shape change from L2 to L1, is that of the occupied dangling bond state. It is worth 
to note that such a picture can be considered valid if the conversion from L2 to L1 is due to a 
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change of the perturbative effect on the unpaired electron wave function arising from the 
structure facing the O≡Si• moiety. In this case, in fact, it is reasonable that the energy of the 
occupied dangling bond state could change without a relevant variation, to a first approximation, 
of the energy levels of the three Si-O back bonds involved in the O≡Si• molecule, as they are 
rigidly connected to the rest of the a-SiO2 matrix. At variance, if the conversion from  L2 to L1 is 
due to a structural change involving the O≡Si• moiety, then all the energetic levels of this 
molecular group should change and the correlation described by the Eq. (5.2), in which Ea+Eb 
has been considered a constant, should fail. Consequently, the quite good agreement shown on 
Figure 5.16 suggests that the thermally induced conversion from L2 to L1 should involve a 
change of the perturbative effect of the structure facing the O≡Si• moiety, instead of a structural 
change of the O≡Si• moiety itself. This conclusion also agrees with the fact that the main 
hyperfine splittings before and after thermal treatment are both approximately equal to 41.8 mT 
(see Figure 5.12), which indicates that the mean value of the angle between the unpaired electron 
wave function and the three Si-O back bonds is nearly the same in the two cases.  
Summarizing, on the basis of the observed correlated variations of the EPR and OA 
features of the E’γ center upon thermal treatment, shown in Figure 5.16, we have found 
evidences suggesting that the OA band of the E’γ center is attributed to the O≡Si• moiety and 
that it consists in a transition from the valence band states to that of the unpaired electron of the 
defect. Furthermore, evidences are found that the thermal induced change from L2 to the L1 
arises from the weakening of the perturbative effect of the structure facing the O≡Si• moiety of 
the defect on the unpaired electron wave function.  
As a final remark, we note that the attribution of specific microscopic models to the E’γ 
(1) and the E’γ (2) centers is still an open question. Nevertheless, basing on the experimental data 
reported in the present Thesis, some suggestions on their probable structures will be discussed in 
Paragraph 8.2.  
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5.2 Effects of β-ray irradiation and thermal treatment 
 
5.2.1 The main resonance line and the strong hyperfine structure 
 
In the present paragraph the investigation of the irradiation effects on the E’γ center 
presented in the previous paragraph is extended to irradiation doses higher than 104 kGy. Since 
the 60Co source we used has a dose rate of ~3 kGy/hr, too long irradiation time is needed in 
order to reach irradiation doses as high as those of interest here. For this reason, we have 
considered β-ray irradiation with a Van de Graff irradiator, which features a higher dose rate, of 
~20 kGy/sec. In particular, the experimental data reported in the present paragraph have been 
obtained in the β-ray dose range between 1.2x103 kGy and 5x106 kGy. 
In Figure 5.18 the growth curves of concentration of E’γ centers with γ- and β-ray dose 
are compared, as obtained in the I301 material. As shown, two stages of concentration growth 
are evident: the first occurs for doses up to 103 kGy, and is covered by γ-ray irradiation, whereas 
the second stage of growth is observed for doses higher than 105 kGy, covered by β-ray 
irradiation. At variance, in the dose range from 103 kGy up to 104 kGy, a nearly constant value of 
the concentration of defects is obtained, with both the two methods of irradiation. Growth 
curves of concentration of the E’γ center similar to that reported in Figure 5.18 have been also 
found in the other materials considered, even though the dose at which the second growth 
occurs has been found to depend on the sample, ranging from 105 kGy to 106 kGy.  
 
 
Figure 5.18  Concentration of the E’γ centers in the material I301 as a function of the γ- and β-ray 
irradiation dose, as determined by FH-EPR measurements.  
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In principle, each concentration growth stage indicates that a generation process is 
activated, which could involve precursor sites of the E’γ center or, in the case of the second stage, 
the direct activation of regular sites of the a-SiO2 matrix. In particular, the study performed in the 
previous paragraphs has concluded that in the first stage of growth two distinguishable precursor 
sites are activated. In order to investigate the generation process activated in the second stage of 
growth, occurring for doses higher than 105 kGy in Figure 5.18, and to put forward possible 
structural differences of the E’γ centers generated in this dose range, we have studied the E’γ 
center EPR main line shape. The normalized FH-EPR spectra of the main line of the E’γ centers 
induced in the material I301 β-ray irradiated at the doses 1.2x103 kGy, 1.2x106 kGy and 5x106 
kGy are superimposed in Figure 5.19. We have verified that the EPR line shape in the sample 
I301/1.2x103 kGy is of type L2, in agreement with the data obtained by γ-ray irradiation in 
correspondence to the same doses. At variance, on increasing the β-ray irradiation dose, a gradual 
broadening of the EPR line occurs, in concomitance with a relevant increase of the concentration 
of defects, as it emerges from the inspection of both Figures 5.18 and 5.19. In principle, this 
broadening effect could be attributed to structural changes occurring in the defect or to dipolar 
interaction. In this respect, from the study of various samples we have found that a one to one 
correspondence exists between the overall concentration of paramagnetic defects, estimated by 
FH-EPR measurements, and the occurrence of the broadening effects on the EPR line shape of 
the E’γ center. Accordingly, it seems reasonable to assume that the change of shape shown in 
Figure 5.19 on increasing the β-ray irradiation dose is due to dipolar interaction between the 
Figure 5.19  FH-EPR spectra of the E’γ center observed in the material I301 β-ray irradiated at 
doses 1.2x103 kGy, 1.2x106 kGy and 5x106 kGy. The FH-EPR spectra have been normalized to the 
peak-to-peak signal amplitude. The scale of the g values is also reported, obtained fixing the first 
positive peak position of the E’γ center at g=2.00180 [2]. 
 
348.9 349.0 349.1 349.2 349.3 349.4 349.5 349.6
-0.6
-0.4
-0.2
0.0
0.2
0.4
0.6
2.002 2.001 2.000 1.999
 I301/1.2x103
 I301/1.2x106
 I301/5x106
g value
 
N
or
m
ali
ze
d 
FH
-E
PR
 si
gn
al
Magnetic field (mT)
spectral position 
 of reference
g 
=
 2
.0
01
80
g 
=
 2
.0
00
63
g 
=
 2
.0
00
36
 
Gianpiero Buscarino                 Experimental investigation on the microscopic structure of intrinsic paramagnetic point defects in a-SiO2 
 88 
paramagnetic centers induced by irradiation in the sample. This conclusion agrees with the results 
of previous investigations [186]. Note that, although the dipolar broadening influence the line 
shape, it does not affect the value of the double integral of the spectrum [11, 12], which can be 
still used to estimate the concentration of defects (Paragraph 3.1.3).  
The occurrence of the dipolar broadening of the main EPR line of the  E’γ center 
invalidates the possibility to gain structural information on the point defects by line shape 
inspection. For this reason we have extended this study to the strong hyperfine structure of the 
E’γ center. As a first step we have verified that the correlation between the 42 mT hyperfine 
structure and the main resonance line of the E’γ center is maintained also in the dose range 
explored here. This study has been accomplished considering four different materials and 
choosing the same acquisition parameters indicated in Paragraph 5.1.2 for the FH-EPR 
measurements. The data obtained are reported in Figure 5.20 together with the data obtained by 
γ-ray irradiation (Figure 5.10) and discussed in Paragraph 5.1.2, for comparison. As shown, a 
quite good correlation is found for an overall variation of the concentration of defects of about 
two orders of magnitude.  
In the successive step of this study we focused our attention on the hyperfine doublet 
EPR line shape and splitting. In Figure 5.21 we compare the SH-EPR spectra of the 42 mT 
doublet observed in the material I301 β-ray irradiated at the doses 1.2x103 kGy, 1.2x105 kGy and 
5x106 kGy. The SH-EPR spectra have been normalized and horizontally shifted in order to 
superimpose the high-field components of the doublet. From this figure, two relevant 
information can be obtained. First, it is evident that the EPR line shape of the high-field 
component of the doublet does not change in the range of doses considered, within the 
experimental error, even if in the samples I301/5x106 the main line of the E’γ center is broadened 
Figure 5.20  Concentration of defects responsible for the 42 mT doublet as a function of the 
concentration of defects responsible for the main resonance line of the E’γ center in a-SiO2 materials 
γ-ray irradiated in the dose range from 3x102 kGy to 104 kGy (black points) and β-ray irradiated at 
the dose 5x106 kGy (red points). The straight line, with slope 1, is superimposed to the data, for 
comparison. 
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with respect to that in the sample I301/1.2x103. Similarly, the invariance of the EPR line shape of 
the low-field component of the doublet has been also verified. Furthermore, both line shapes of 
the low- and high-field components of the doublet are virtually identical to those of the E’γ (2) 
center induced by γ-ray irradiation in the range of doses from 103 kGy up to 104 kGy. This 
experimental evidence supports the above discussed occurrence of dipolar broadening effects on 
the E’γ center main EPR line. In fact, dipolar effects are expected not to affect appreciably the 
line shapes of the two components of the hyperfine doublet, as each of them is more than one 
order of magnitude wider than the main line, mainly due to inhomogenous distribution of the 
isotropic hyperfine constant. The second important information which can be obtained from the 
spectra of Figure 5.21 consists in the increase of the hyperfine splitting on increasing the β-ray 
irradiation dose, gradually changing from ~41.8 mT up to ~42.8 mT (see inset in Figure 5.21). In 
particular, the hyperfine splitting has been found to be affected appreciably for doses higher than 
~104 kGy. This increase of the hyperfine splitting has been found to be general, as it has been 
observed in all the investigated samples in correspondence to the same irradiation doses. It is 
worth to note that, from the study of various materials it emerged that the increase of hyperfine 
splitting occurs, in some samples, without a relevant change of the concentration of E’γ centers, 
suggesting that the irradiation at doses higher than ~104 kGy affects the structure of already 
present centers instead to create new slightly structurally different ones.  
Finally, in order to investigate the thermally induced structural conversion of the E’γ 
center, we have studied the effects of a treatment in the range of temperature from 330 K up to 
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Figure 5.21  SH-EPR spectra of the 42 mT doublet detected in the material I301 β-ray irradiated at 
the doses 1.2x103 kGy, 1.2x105 kGy and 5x106 kGy. The SH-EPR spectra have been normalized and 
horizontally shifted in order to superimpose the high-field components of the doublet. Inset: 
Splitting of the hyperfine structure of the E’γ center in the material I301 as a function of the β-ray 
dose. 
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520 K on both the main EPR line and hyperfine structure of the E’γ center. In this study we have 
considered four materials I301 (natural dry), H1 (natural wet), S1 (synthetic wet) and F300 
(synthetic dry), previously β-ray irradiated at a dose of 5x106 kGy. The results obtained are 
summarized in Figure 5.22. As it emerges from the comparison of Figure 5.12 (b) with Figure 
5.22 (b), a quite similar line shape variation of the high-field component of the 42 mT doublet 
occurs, indicating that a conversion of the E’γ (2) structure take place. Analogous comments 
apply to the low-field component of the doublet. In agreement with this conclusion, by 
comparing Figure 5.22 (a) with Figure 5.7, the correspondent variation of the main EPR line of 
the E’γ center from L2 to L1 is evident, even though it is somewhat masked in the thermally 
treated β-ray irradiated sample of Figure 5.22 (a) by the superimposed dipolar broadening effect. 
In this respect, it is worth to note, the line shape variations of Figure 5.22 (a) cannot be attributed 
to a reduction of the dipolar broadening arising from the partial decrease of the concentration of 
defects, of about the 20 % with respect to its value in the as irradiated sample [see inset of Figure 
5.22 (a)]. From inspection of Figure 5.19, in fact, it is evident that the dipolar broadening does 
not affect the zero crossing g value of the E’γ EPR line in the range of concentration of defects 
of interest here. At variance, in Figure 5.22 (a), a relevant change of this spectral position is 
evident, which is compatible with that expected for a conversion from L2 to L1 [compare Figures 
5.22 (a) and 5.7]. Finally, it is worth to note that the strong hyperfine splitting is not affected by 
these thermal treatments.   
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Figure 5.22  (a) FH-EPR spectrum of the E’γ center main line and (b) SH-EPR spectrum of the 
high-field component of the 42 mT doublet acquired in a sample I301 irradiated at β-ray doses 5x106 
kGy compared to the corresponding spectra obtained for the same sample after isochronal thermal 
treatment up to three different temperatures. Inset: Concentration of E’γ centers as a function of the 
isochronal thermal treatment temperature. The FH-EPR and SH-EPR spectra have been normalized 
to the peak-to-peak signal amplitude and to the signal amplitude in correspondence to the maximum 
of the line, respectively 
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5.2.2 Discussion  
 
From the data reported in the previous paragraph it can be concluded that, although the 
growth of concentration of Figure 5.18 suggests that β-ray irradiation above 105 kGy activates a 
second generation process of E’γ centers, the spectral properties of the generated defects do not 
differ with respect to those of the E’γ (2) center, observed for γ-ray doses in the range from 103 
kGy up to 104 kGy. Further support to this conclusion comes from the data of Figure 5.22, 
which point out that the thermally induced conversion process of the E’γ center is virtually 
identical to that induced in γ-ray irradiated samples.  
Another important result regards the observed increase of the hyperfine splitting of the 
42 mT doublet for β-ray irradiation dose higher than ~104 kGy. A similar increase of the 
hyperfine splitting has been reported by Devine and Arndt [187] in γ-ray irradiated pressure-
densified a-SiO2 on increasing the degree of densification of the material. In that work the 
increase of the hyperfine splitting has been attributed to a densification-induced increase of the 
mean bond angle ρ between the dangling bond orbital and the three Si-O back bonds of the 
O≡Si• moiety [see Figure 1.1 (a)] [187]. In particular, the authors have suggested that this effect 
reflects an overall structural change occurring in the a-SiO2 matrix upon mechanical densification, 
involving a reduction of the O-Si-O and of the Si-O-Si bond angles and an increases of the Si-O 
bond length [187]. The amount of changes of the main values of these structural parameters was 
found to depend on the degree of densification of the material. It is worth to note that the 
materials we have considered here are not densified before irradiation and, in fact, an hyperfine 
doublet split by 41.8 mT is observed after γ- and β-ray irradiation up to a dose of 104 kGy. At 
variance, for higher β-ray irradiation doses a gradual increase of the hyperfine splitting occurs. 
Furthermore, as noted in the previous paragraph, in this dose range the β-ray irradiation affects 
the microscopic structure of the already present defects, instead of inducing new structurally 
different ones, as the increase of the hyperfine splitting is observed also at nearly constant 
concentration of E’γ centers. These experimental evidences speak for a radiation-induced 
densification of the material which should occur for β-ray doses higher than ~104 kGy, in 
agreement with previous studies performed by Raman [188] and IR absorption [189] 
spectroscopies. If one assumes that a one to one correspondence exists between the effects of 
the mechanical densification studied by Devine and Arndt [187] and those induced by β-ray 
irradiation in the materials we have considered, then from the observed variation of about 2.4 % 
of the hyperfine splitting shown in Figure 5.21 we can estimate a radiation-induced densification 
of about 3 %. 
We note that, in the light of the possibility, raised above, that relevant structural changes 
could occur in the O≡Si• moiety upon β-ray irradiation at doses higher than ~104 kGy, the result, 
already mentioned, that the thermally induced structural variation of the E’γ (2) center occurs in 
quite similar way in samples γ-ray irradiated at 5x103 kGy (Figures 5.7 and 5.12) and in those β-
ray irradiated at 5x106 kGy (Figure 5.22) becomes more surprising. A way to overcome this 
difficulty is to suppose that β-ray irradiation doses higher than ~104 kGy mainly affect the 
structure of the O≡Si• moiety, as suggested by Devine and Arndt [187], whereas the thermally 
induced structural change of the E’γ (2) involves a group of atoms which is nearby but spatially 
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separated with respect to the O≡Si• molecule, as for the +Si≡O group facing the unpaired 
electron in the positively charged oxygen vacancy model of the E’γ (2) center. This picture is in 
line and gives further support to the conclusions drawn in the discussion at the end of the first 
part of the present chapter.   
 
Chapter 6 
 
Intrinsic point defects induced in  
Al-containing oxygen-deficient a-SiO2 
 
 
 
In the present chapter we report a study by EPR spectroscopy on the intrinsic E’γ, E’δ, 
E’α and triplet state centers observed in Al-containing oxygen-deficient a-SiO2 materials γ-ray 
irradiated in the dose range from 5 kGy to 104 kGy and subsequently thermally treated at 
temperatures as high as 1000 K. The materials considered, after γ-ray irradiation at 104 kGy, 
exhibit [AlO4]0 centers concentrations higher than ~2x1017 spins/cm3. This class of materials is 
treated separately from that possessing sensibly lower concentration of Al-related hole centers, 
studied in the previous chapter, as they share common properties upon thermal treatment on 
previously irradiated sample.  
Four distinct Al-containing oxygen-deficient a-SiO2 materials: KI, KUVI, QC and P453 
[see Table 4.1 (Chapter 4)] are considered. This enables to disentangle the features connected 
with the intrinsic oxygen deficiency of the material from those connected with the presence of 
the Al-related hole centers. These materials, after γ-ray irradiation at 104 kGy, exhibit a 
concentration of [AlO4]0 centers comprised from ∼2.6 x1017 spins/cm3 to ∼8.6 x1017 spins/cm3, 
whereas their intrinsic oxygen deficiency differs by more than two orders of magnitude. This 
latter property was proven performing OA measurements on the 7.6 eV band, attributed to the 
oxygen vacancies [50], and luminescence (PL) measurements on the 4.4 eV band excited at 5 eV, 
attributed to the twofold coordinated Si defect [50], as described in the following.  
The OA spectra obtained for the materials KI and KUVI are reported in Figure 6.1. As 
shown, the 7.6 eV band is evident in the OA spectrum of the KUVI, whereas in that of the KI 
material a band peaked at 7.6 eV cannot be recognized, even though the OA signal at 7.6 eV is 
not zero. From the spectra reported in Figure 6.1, by applying a fit procedure, the contribution of 
the 7.6 eV band to the full OA spectra has been obtained. From this estimations and assuming an 
absorption cross section of 7.5x10-17 cm-2 [50] for the 7.6 eV OA band we have evaluated that the 
concentration of oxygen vacancies in the as-grown  KI and KUVI are <1016 cm-3 and ~5x1017 
cm-3, respectively. Note that, since the peak of the 7.6 eV band is not clearly observed in the OA 
spectrum of the KI, only an upper limit of the concentration of oxygen vacancies present in the 
material can be determined. OA spectra were also obtained for the QC and P453 as-grown 
materials. However, in these cases, due to the huge OA observed in correspondence to 7.6 eV, an 
exact quantitative analysis was prevented. Nevertheless, a rough estimation of the 7.6 OA band in 
these latter materials indicates that the concentration of oxygen vacancies is higher than  ∼1018 
cm-3.  
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In principle, in order to estimate the concentration of twofold coordinated Si defects in a 
given material, the amplitude of the 5.0 eV band has to be determined. However, this OA band 
was difficult to detect in the spectra of the KI and KUVI (due to the low concentration of 
defects), whereas it superimposes to other OA bands in the spectra of QC and P453, so 
preventing a reliable estimation of its amplitude. For these reasons, we focused our study on the 
PL band peaked at 4.4 eV and excited at 5 eV. Once the amplitude of this band was determined 
in the KI, KUVI, QC and P453 materials, an empirical factor was used to obtain the amplitude of 
the related OA band peaked at 5 eV. This empirical factor was derived with reference to an as-
grown sample of F300, in which both the OA band at 5 eV and the PL band at 4.4 eV were 
determined with high precision [190]. Finally, from the estimated amplitude of the 5 eV OA band 
and by using an oscillator strength for this band of 0.15 [50] we have obtained the concentration 
of twofold coordinated Si in the materials of interest. In particular, we have obtained that this 
concentration in the KUVI, P453 and QC as-grown materials is of ~4x1014 cm-3, 2x1015 cm-3 and 
5x1015 cm-3, respectively, whereas in the KI no 4.4 eV PL band has been detected, indicating that 
the concentration of twofold coordinated Si is lower than ∼1014 cm-3. 
Here we summarize the content of the present chapter. In Paragraph 6.1 we present a 
characterization of the paramagnetic point defects induced by γ-ray irradiation in the materials 
KI, KUVI, QC and P453 and we report their growth curves with irradiation dose from 5 kGy up 
to 104 kGy. In Paragraph 6.2, we focus our attention on the effects induced by thermal treatment 
of previously irradiated materials. In Paragraphs 6.3 the effects of a γ-ray reirradiation on the 
materials already irradiated and thermally treated are reported. Finally, the experimental data are 
discussed in Paragraph 6.4.   
 
 
Figure 6.1  OA spectra obtained for the as-grown KI and KUVI materials. 
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6.1 γ-ray radiation induced point defects 
 
6.1.1 E’γ and E’δ centers 
 
In all the samples considered no EPR signal was detected before irradiation. At variance, 
after irradiation many distinct signals are induced. In Figure 6.2 (a) the FH-EPR spectrum 
acquired in correspondence to g ≅ 2 for a sample P453/103 (continuous line) is reported, 
obtained using Pin = 8 x 10-4 mW, νm = ωm/2π = 100 kHz and Hm = 0.01 mT. This EPR signal 
arises from the partial superposition of two distinct resonance lines ascribed to E’γ and E’δ 
centers [compare Figures 6.2 and 2.15]. These two contributions were determined by fitting the 
spectrum with a weighted sum of an experimental line shape of type L2 for the E’γ center (see 
previous chapter), and a simulated line shape for the E’δ center, reported in Figure 6.2 (c) and (b), 
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Figure 6.2  (a) FH-EPR spectrum centred in correspondence to g ≅ 2 as detected in the sample 
P453/103 (continuous line) compared to the line obtained as a weighted sum (circles) of the 
reference lines for (b) E’δ and (c) E’γ centers. For the E’γ centers the L2 line shape is considered. The 
scale of the g values is also reported, obtained by fixing the first positive peak position of the E’γ 
centers at g=2.00180 [2]. 
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respectively. The latter was obtained by the Bruker SIMFONIA software. The result of this 
procedure is reported in Figure 6.2 (a), where the weighted sum (circles) of the reference line 
shapes for E’γ and E’δ is superimposed to the experimental spectrum (continuous line). By 
repeating the analysis reported in Figure 6.2 for many different samples and by fixing g =2.00180 
for the E’γ [2], we have obtained an estimation of the E’δ center zero crossing g value of 2.0020 ± 
0.0001, in good agreement with other experimental evaluations [92, 120, 127, 132, 141-144].  
Figure 6.4  Concentration of the E’γ, E’δ, Triplet and [AlO4]0 centers in the material P453 as a 
function of the γ-ray irradiation dose as determined by FH-EPR. The error of measurement is 
comparable with the size of the symbols. 
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Figure 6.3  Saturation with microwave power of the FH-EPR signal of E’γ (circles) and E’δ (stars) 
centers in a sample P453/104. The linear dependence of the squared FH-EPR signal as a function of 
Pin is evidenced by the straight line. 
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To better characterize E’γ and E’δ defects, the room temperature saturation properties of their 
FH-EPR signals with microwave power have been studied. These data are reported in Figure 6.3 
for a sample P453/104 and point out that the E’γ and E’δ centers have virtually identical 
saturation properties. Moreover, these saturation curves reproduce those observed in all the other 
Type I-IV commercial a-SiO2 for doses of 103 kGy or higher (see Figure 5.3) [91]. 
 
The line shapes reported in Figure 6.2 (b) and (c) were used to estimate the 
concentrations of E’γ and E’δ induced in samples of P453 irradiated at different gamma ray doses 
in the range from 5 kGy up to 104 kGy. The growth curves of defect concentrations as a function 
of the γ-ray dose are reported in Figure 6.4. The concentration of E’δ centers was found to 
increase with irradiation dose up to ~102 kGy. For higher doses a maximum concentration of 
~1016 spins/cm3 is maintained, compatible with a generation process from precursor defects. At 
variance, the concentration of E’γ centers increases up to the highest dose considered, indicating 
a more complex generation process that could involve a direct activation of normal matrix sites 
or a not complete exhaustion of precursor defects. Similar concentration growths were previously 
reported for an X-ray irradiated synthetic a-SiO2 material [123]. 
In the irradiated samples we have also looked for the EPR signals of the strong hyperfine 
structures of the E’γ and E’δ centers. In Figure 6.5, the SH-EPR spectrum centered on g ≅ 2 and 
acquired over an extended range is reported. As shown, the hyperfine structure of the E’γ center 
is easily recognized and is indicated by a pair of lines split by 41.8 mT. At variance, the presence 
of the hyperfine structure of the E’δ center, which as been proposed to consist in a pair of lines 
split by 10 mT (see Paragraph 2.3.4), cannot be unambiguously established. In fact, although a 
pair of lines approximately split by 10 mT can be recognized in the spectrum, as indicated in 
Figure 6.5  SH-EPR spectrum on a wide field scan obtained for a sample P453/103. The arrows 
indicate the doublets split by 10 mT and 41.8 mT.   
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Figure 6.5, a reliable identification cannot be accomplished, due to the presence in the central 
region of the spectrum of a superimposing intense signal originating from other paramagnetic 
centers. FH-EPR measurements have been also performed to detect the hyperfine structures of 
the E’γ and E’δ centers. However, due to the low concentration of defects, these FH-EPR signals 
were not observed.   
Results similar to those above reported for the P453 have been obtained for the KUVI 
and QC materials, even though the maximum value of defects concentration was found to 
depend on the specific material. In particular, we have found that in correspondence to a dose of 
102 kGy in KUVI and QC materials the concentrations of the E’γ centers are 1x1016 spins/cm3 
and 2x1016 spins/cm3, respectively. In correspondence to the same dose the concentration of E’δ 
centers in KUVI and QC materials are 6x1014 spins/cm3 and 3x1015 spins/cm3, respectively. At 
variance, in the KI no EPR signal of this point defect has been detected, even if a concentration 
of E’γ centers 6x1015 spins/cm3 is observed.  
 
 
 
6.1.2 The triplet state center 
 
In the irradiated materials we looked for the g ≅ 4 resonance of the triplet state center 
(see Paragraph 2.3.5). To this aim we have performed measurements setting the magnetic field at 
approximately half of the resonance field of the E’ centers. As reported in Figure 6.6 for a sample 
P453/104, a FH-EPR signal was detected with line shape and resonance magnetic field 
compatible with those ascribed to the triplet center [120, 122]. The FH-EPR line of Figure 6.6 
Figure 6.6  FH-EPR spectrum acquired in correspondence to g  ≅ 4 for a sample P453/104. 
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has been acquired using Pin = 50 mW, νm = ωm/2π = 100 kHz and Hm = 0.01 mT.  
To obtain an estimation of the triplet centers concentration, the intensity of the FH-EPR 
lines split by ∼13 mT (see Paragraph 2.3.5), due to the allowed transitions between the states 
|ms=-1> ↔ |ms=0> and |ms=0> ↔ |ms=+1>, has to be determined [120]. In our samples, due 
to the presence of the intense EPR signal of the [AlO4]0 centers (discussed in the successive 
paragraph), we were not able to isolate these lines. However, since it was reported that the ∼13 
mT pair is ∼2500 times more intense than the g ≅ 4 resonance [120], we have roughly estimated 
the concentration of triplet centers multiplying by a factor 2500 the double integral of the g ≅ 4 
FH-EPR signal. The values obtained for the material P453 in correspondence to various 
irradiation doses in the range from 5 kGy up to 104 kGy are reported in Figure 6.4. As shown, the 
defects concentration grows up to ~102 kGy, and then it maintains a constant value of ~3x1015 
spins/cm3. Furthermore, from the comparison of the growth characteristics of E’δ and triplet 
centers reported in Figure 6.4, we note that they reach the maximum value of concentration 
nearly in correspondence to the same dose.  
The dependence of the FH-EPR signal on the microwave power for the g ≅ 4 resonance 
was also studied and is reported in Figure 6.7. The square of the FH-EPR signal was found to 
grow linearly with the microwave power up to ~50 mW, whereas a deviation from the linear 
dependence was observed for higher power due to the occurrence of the saturation effect. These 
data point out that the saturation of the g ≅ 4 line occurs at higher microwave power with respect 
to E’γ and E’δ, indicating that the triplet center possesses more effective relaxation channels with 
respect to the E’ centers. 
A triplet state center concentration growth with γ-ray irradiation dose virtually identical to 
that of Figure 6.4, obtained for P453, was also obtained for QC, whereas no FH-EPR signal 
arising from the triplet state centers was detected in KI and KUVI materials.   
 
 
 
Figure 6.7  Saturation with microwave power of the FH-EPR signal of the g ≅ 4 line in a sample 
P453/104. The linear dependence of the squared FH-EPR signal as a function of Pin is evidenced by 
the straight line.  
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6.1.3 The [AlO4]0 center 
 
As reported in Table 4.1 (Chapter 4), all the materials considered in the present chapter, 
after γ-ray irradiation at 104 kGy, exhibit a concentration of [AlO4]0 centers higher than 2x1017 
spins/cm3, as estimated from the FH-EPR measurements discussed in the present paragraph. 
The typical spectrum we attributed to the [AlO4]0 centers is reported in Figure 6.8, as measured in 
a sample KI/80, using Pin = 50 mW, νm = ωm/2π = 100 kHz and Hm = 0.03 mT. This spectrum 
shows a structured signal mainly arising from the [AlO4]0 but for a feature imputable to the E’γ 
centers evidenced by the arrow in Figure 6.8. The g scale indicated in this figure has been 
obtained by fixing g = 2.0006 in correspondence to the E’ centers peak in the EPR spectrum, 
corresponding to the zero crossing g value of the E’γ center. The positions in the spectrum 
corresponding to the three principal g values attributed to the [AlO4]0 center (see Figure 2.19) are 
also indicated in Figure 6.8. Our attribution of the FH-EPR signal shown in Figure 6.8 to the 
[AlO4]0 center is supported by the strict similarity found between this line shape and those 
obtained in previous investigations focused on Al-containing a-SiO2 and powdered quartz 
materials (Figure 2.19) [161].  
As for the other paramagnetic defects reported in previous paragraphs, the dependence 
of the FH-EPR signal on the microwave power has been studied for the [AlO4]0 center. 
However, at variance to the other defects, the [AlO4]0 centers squared FH-EPR signal was found 
to grow linearly up to the maximum microwave power obtainable with the EPR spectrometer we 
used.  
In Figure 6.4 the growth of concentration of the [AlO4]0 centers on increasing the 
irradiation dose in the material P453 is reported, as estimated by FH-EPR measurements. As 
Figure 6.8  FH-EPR spectrum of the [AlO4]0 center in a sample KI/80. The g scale has been 
obtained fixing the position of the peak in the spectrum due to the E’ centers saturated signal at gref 
= 2.0006. The positions in the spectrum of the three principal g values attributed to the [AlO4]0 are 
also shown [161].  
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shown, the [AlO4]0 centers concentration was found to increase up to ∼103 kGy, whereas a limit 
value of ~2 x 1017 spins/cm3 is maintained for higher doses. The reaching of a limit value should 
indicate the exhaustion of the precursor sites of the defect which, in turn, suggests that each AlO4 
site in the a-SiO2 matrix has trapped a hole and contributes to the observed [AlO4]0 EPR signal.  
 
 
 
6.2 Effects of thermal treatments on γ-ray irradiated materials 
 
In order to further investigate the properties of point defects induced in the KI, KUVI, 
QC and P453 materials, we have performed thermal treatment experiments of the irradiated 
samples. The key experiment consisted in isochronal thermal treatments from 333 K up to 1023 
K with a temperature step of 10 K on a sample P453/103. These treatments allowed us to 
observe the occurrence of thermally activated processes and to evaluate the temperatures at 
which they take place. Once these temperatures were established, isothermal treatments were 
performed in correspondence to T=580 K and T=630 K, as they permit to focus the attention 
on the specific thermally activated process of interest.   
In Paragraph 6.2.1, we present a spectroscopic characterization of a point defect, the E’α 
center, referring to the FH-EPR spectra acquired during the isochronal thermal treatment 
experiment on the sample P453/103. Once the FH-EPR line shape of the E’α center is identified, 
in Paragraph 6.2.2 we discuss in detail the paramagnetic defects annealing curves obtained during 
isochronal and isothermal treatments experiments on irradiated materials. 
 
 
 
6.2.1 Observation of the E’α center 
 
Upon thermal treatment of the γ-ray irradiated materials, a new contribution to the EPR 
spectrum of the E’ centers main lines becomes evident, which is distinguishable from those of 
the E’γ and E’δ centers. In Figure 6.9 (a) the spectrum obtained after isochronal thermal 
treatments of the sample P453/103 up to 750 K (continuous line) is reported, in which this new 
EPR line appears superimposed to that of the E’γ center. These two contributions were separated 
by fitting the spectrum with a weighted sum of an experimental line shape of type L1 for the E’γ 
center, characterized in the previous chapter, and a simulated line shape for the new 
paramagnetic center, reported in Figure 6.9 (c) and (b), respectively. The latter was obtained by 
the Bruker SIMFONIA software. The result of this procedure is reported in Figure 6.9 (a), where 
the weighted sum (circles) of the reference line shapes for E’γ and that of the new center is 
compared to the experimental spectrum (continuous line). By repeating the analysis reported in 
Figure 6.9 for many different samples thermally treated at different temperatures and by fixing g 
=2.00180 for E’γ [2] we have obtained an estimation of the principal g values of the new center, 
which are g1=2.0018 ± 0.0001, g2=2.0009 ± 0.0001 and g3=1.9997 ± 0.0001. The g1 and g3 
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principal values obtained for this center agree with those attributed by Griscom [2, 79, 120] to the 
E’α point defect (Paragraph 2.3.3), g1=2.0018 and g3=1.9998, whereas a worse agreement is 
found for the g2 value, which for the E’α is g2=2.0013. In principle, this discrepancy could suggest 
that the orthorhombic line shape observed here is due to a variant of the E’α center 
distinguishable from that previously reported. However, as discussed in detail in the previous 
chapter, the g2 principal value of the E’γ center can shift by a maximum amount of about 0.0001 
depending on the thermal history of the sample. Furthermore, in previous experimental 
investigations, also the zero crossing g value of another E’ center, the E’δ center, has been found 
to change by about 0.00025 depending on the method of defect generation [144]. Analogously, 
the discrepancy observed in the g2 value of the E’α center estimated in the present work with 
respect to that reported by Griscom [79] could simply reflect an intrinsic structural relaxation 
freedom of a-SiO2. So, in the present Thesis we refer to the defect with the FH-EPR line shape 
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Figure 6.9  (a) FH-EPR spectrum of the E’ centers main lines acquired in the sample of P453/103 
isochronally thermally treated up to 750 K (continuous line) compared to the line obtained as a 
weighted sum (circles) of the reference lines for (b) E’α and (c) E’γ centers. For the E’γ centers the L1 
line shape is considered. The scale of the g values is also reported, as obtained fixing the first 
positive peak position of the E’γ centers at g=2.0018 [2]. 
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shown in Figure 6.9 (b) as the E’α center, without distinguishing it from that reported by 
Griscom [2, 79, 120].  
In the most general case, upon thermal treatment of the sample P453 we have observed 
EPR spectra arising from the partial superposition of three contributions, due to E’γ, E’δ and E’α 
centers. The result of the fit for this case is reported in Figure 6.10, in which the experimental 
spectrum obtained for the sample P453/103 isochronally thermally treated up to 580 K 
(continuous line) is compared to the weighted sum (circles) of the FH-EPR line shapes of 
reference for the three E’ centers. By using this fit procedure we have separated the contributions 
of the three E’ centers FH-EPR signals and we have studied their saturation properties with 
microwave power. The obtained data are reported in Figure 6.11 and point out that the three 
paramagnetic centers share virtually identical saturation properties with microwave power, getting 
stronger support to the attribution of the orthorhombic line shape to an E’-type center.  
As a final remark we note that after the FH-EPR line shape of the E’α center was 
determined, we have evaluated the possibility that this paramagnetic point defect was already 
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Figure 6.10  (a) FH-EPR spectrum of the E’ centers main lines acquired for a sample P453/103 isochronally 
thermally treated up to 580 K (continuous line) compared to the line obtained as a weighted sum (circles) of 
the reference lines for (b) E’δ, (c) E’α and (d) E’γ centers. For the E’γ centers the L1 line shape is considered. 
The scale of the g values is also reported, as obtained fixing the first positive peak position of the E’γ centers 
at g=2.00180 [2]. 
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present in the as-irradiated samples. In fact, as emerges from inspection of the spectrum in 
Figure 6.2, a weak contribution to the overall spectrum arising from the FH-EPR signal of the 
E’α center could be recognized. However, a reliable quantitative estimation of this contribution 
was found to be very difficult to obtain, as the FH-EPR signal of the E’α center superimposes to 
that, more intense, of the E’γ center. Nevertheless, a rough estimation of the E’α centers 
concentration in the P453 samples γ-ray irradiated at different doses has permitted us to obtain a 
value of about 1015 spins/cm3 in the dose range from 102 kGy up to 104 kGy, whereas no 
estimation was possible for lower doses. Results analogous to those obtained for P453 were 
found for irradiated QC, whereas no EPR signal of the E’α center was detected in the KUVI and 
KI irradiated materials up to the maximum dose considered of 104 kGy.  
 
 
 
6.2.2 Annealing curves of the paramagnetic centers 
 
The concentration curves of the paramagnetic centers observed in the sample P453/103 
after isochronal thermal treatments are reported in Figure 6.12. These data show that E’γ, E’δ and 
triplet state centers start to anneal at T∼400 K.(1) However, while at higher temperature the triplet 
center anneals out definitively, the E’γ E’δ and E’α centers concentrations begin to increase for T 
                                                 
1 In Figure 6.12 the concentration curve of the E’α centers is reported for temperatures higher than 463 K, as at 
lower temperatures a reliable concentration estimation was prevented by the low concentration of defects.     
Figure 6.11  Saturation with microwave power of the FH-EPR signal of E’γ, E’δ and E’α centers in a 
sample P453/104 isochronally thermally treated up to 580 K. The linear dependence of the squared 
FH-EPR signal as a function of Pin is evidenced by the straight line. 
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~ 500 K, indicating that a production mechanism is activated. Maximum concentrations of 
7x1016 spins/cm3, 3x1016 spins/cm3 and 6x1016 spins/cm3 are obtained for E’γ E’δ and E’α 
centers, respectively. The FH-EPR spectrum obtained after thermal treatment at 580 K was 
reported in Figure 6.10.  
Once the production mechanism of E’γ, E’δ and E’α centers is exhausted, these point 
defects anneal out definitively. The annealing processes of the three E’ centers take place with 
different rates and point out relevant differences in their overall thermal stability, indicating that 
different mechanisms are involved.  In particular, the most efficient annealing process pertain to 
the E’δ, an intermediate one to the E’α, whereas the less efficient one is responsible for the 
disappearance of the E’γ center, whose FH-EPR signal was observed even at the highest 
temperature considered of 1023 K.  
Quite different annealing features were found for the [AlO4]0 centers. As shown in Figure 
6.12, thermal treatments up to T∼500 K do not significantly change the concentration of these 
defects, while at higher temperatures the number of defects decreases, undergoing a more rapid 
annealing with respect to that of E’ centers. In particular, [AlO4]0 centers anneal out in the same 
temperature range in which the growth of E’γ, E’δ and E’α centers occurs and, after each thermal 
treatment, the total number of the generated E’ centers is less than that of annealed [AlO4]0 
centers.  
Once the isochronal annealing curves of the paramagnetic centers were determined, as 
shown in Figure 6.12, we have studied the growth process of the E’ centers concentrations in the 
KUVI, KI, and QC materials. These studies were undertaken by performing isothermal 
treatments at T=580 K and T=630 K on previously γ-ray irradiated samples. In correspondence 
to these temperatures, in fact, the growth process of the E’ centers is efficient, whereas the 
Figure 6.12  Concentration of E’γ, E’δ, E’α, Triplet and [AlO4]0 centers estimated by FH-EPR 
measurements in a sample P453/104 as a function of the isochronal thermal treatment temperature.  
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annealing effect, which reduces the concentration of defects, is limited. A typical concentration 
curves of the E’ centers obtained during isothermal treatments experiments is reported in Figure 
6.13, as obtained for a sample KUVI/102 thermally treated at T = 630 K. As shown, the 
concentration of E’δ centers grows up to ∼4x102 s, reaching the highest values of 6.6x1015 
spins/cm3, after that it gradually decreases. At variance, the concentrations of E’γ and E’α centers 
grow up to ~3x103 s, reaching the maximum values of 2x1016 spins/cm3 and 3x1016 spins/cm3, 
respectively, and then no other changes occur up to the maximum duration investigated of 7x104 
s. Similar results were also obtained upon isothermal treatment at T=580 K.  
Isothermal treatments experiments performed in previously irradiated samples of KI, 
KUVI, QC and P453 has permitted us to point out that the growth process of the E’ centers 
occurs in all of them, even though the maximum concentration of defects obtained upon thermal 
treatment depends on the specific material. These data will be reported and discussed in 
Paragraph 6.4. Note that, the occurrence of the E’ centers generation process in all the Al-
containing materials (KI, KUVI, P453 and QC) and its absence in materials with sensibly lower 
Al content (see Chapter 5), suggests that the Al impurities are involved in this process.  
As a final remark, we note that thermal treatment experiments were also performed in the 
as-grown materials, before any γ-ray irradiation, and no growth of E’ centers concentration has 
been observed. This result indicates that the preliminary irradiation of the material is a necessary 
condition for the occurrence of the process of thermally induced defects generation.  
 
  
 
Figure 6.13  Concentration of E’γ, E’δ, E’α centers estimated in a sample KUVI/102 after γ-ray 
irradiation and in correspondence to various durations of the subsequent isothermal treatment 
at T = 630 K.   
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6.3 Effects of γ-ray irradiation on materials previously 
irradiated and thermally treated 
 
As emerges from the data reported in the previous paragraphs, upon γ-ray irradiation of 
the materials the concentration of induced E’δ centers reaches a maximum value for doses of 
~102 kGy (see Figure 6.4), suggesting that the sites precursors of the defect are exhausted. 
However, in contrast with this conjecture, if a sample γ-ray irradiated at a dose higher than ~102 
kGy is thermally treated at temperatures above ~500 K, then the concentration of E’δ centers 
starts again to increase (see Figures 6.12 and 6.13), indicating that other precursor sites of the 
defects are available in the material. In a similar way, we have found that upon γ-ray irradiation a 
weak EPR signal ascribed to the E’α center is observed in the considered materials, whereas upon 
thermal treatment successive to the irradiation the concentration of these defects grows up and 
their EPR signal becomes easily detectable. 
 In order to further investigate these apparently contradictory results we have studied the 
effects of γ-ray irradiation on materials previously irradiated and thermally treated. The effects of 
the reirradiation on the E’ centers main lines are reported in Figure 6.14, in which we compare 
the SH-EPR spectrum obtained for a sample P453/102 isothermally treated at T=630 K for 103 s 
with that obtained for the same sample after a subsequent γ-ray irradiation again at a dose of 102 
kGy. Upon reirradiation three main effects are observed, as indicated by arrows I-III in figure:  
the SH-EPR signal amplitude of (I) the E’δ and (II) the E’α centers decrease, whereas that of the 
Figure 6.14  (a) SH-EPR spectrum of the E’ centers main lines acquired in a sample KUVI/102
isothermally treated at T=630 K for 103 s compared with the line obtained for the same sample after 
the subsequent γ-ray irradiation at a dose of 102 kGy. The three arrows indicate the main effects of 
the reirradiation. The scale of the g values is also reported, obtained fixing the signal peak position 
of the E’δ centers at g=2.00200. 
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E’γ centers remains unchanged, within the experimental error, even though it changes shape from 
L1 to L2 (III). In addition, we have verified that the concentrations of E’δ and E’α centers 
obtained after the second γ-ray irradiation are virtually identical to those observed just after the 
first irradiation of the sample, namely before the thermal treatment.  
The similarity in the effects observed for the E’δ and E’α centers upon reirradiation could 
rise the possibility that the disappearance of these two defects could be someway correlated. In 
order to investigate this point we have considered a sample KUVI/102 isothermally treated at 
T=630 K. The annealing curves of the E’ centers obtained in correspondence to different 
duration of the thermal treatment are reported in Figure 6.13. As shown, the concentration of E’δ 
centers in the as-irradiated sample is 5x1014 spins/cm3. During the isothermal treatment it grows 
up to ∼5x102 s reaching a maximum values of 6.6x1015 spins/cm3, after that it gradually decreases 
and, for a total duration of the thermal treatment of 7x104 s, its value is 4.5x1014 spins/cm3, 
which is nearly the same as before the thermal treatment. At variance, the EPR signal of the E’α 
centers increases monotonically up to 4x104 s and then it maintains a constant value of 2x1016 
spins/cm3. After thermal treatment up to 7x104 s, the same sample has been γ-ray irradiated at a 
dose of 102 kGy. The FH-EPR spectra obtained before and after the reirradiation are compared 
in Figure 6.15. As shown, although the reirradiation process does not change the amplitude of 
the FH-EPR signal of the E’δ centers, it causes the E’α centers to disappear, indicating that the 
reirradiation-induced effects on these two defects are not correlated. Concerning the E’γ center, 
Figure 6.15  (a) FH-EPR spectrum of the E’ centers main lines acquired in a sample KUVI/102 
isothermally treated up at T=630 K for 5x104 s compared to the line obtained after γ-ray reirradiation 
at the same dose of 102 kGy. The scale of the g values is also reported, obtained by fixing the first 
positive peak position of the E’γ centers at g=2.00180 [2]. 
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Figure 6.15 shows that its EPR line shape converts from L1 to L2, in agreement with the data 
reported in Figure 6.14. Furthermore, a quantitative analysis of the FH-EPR spectra reported in 
Figure 6.15 has permitted us to verify that the concentration of E’γ center remains unchanged 
upon reirradiation, within an experimental uncertainty of 10%.  
 
 
 
6.4 Discussion 
 
In order to compare the properties of the point defects induced by γ-ray irradiation and 
thermal treatment in the various materials studied in the present chapter we have considered one 
sample of each type of them which was preliminarily irradiated at 80 kGy and then isothermally 
treated at T=630 K for 3x102 s. In Table 6.1 the concentration of E’γ, E’δ and E’α centers are 
reported, as estimated in the as-irradiated samples and after the subsequent thermal treatment. 
The concentration of oxygen vacancies and twofold coordinated Si defects estimated in the as-
grown samples are also reported, as they quantify the degree of oxygen deficiency of the various 
materials. Furthermore, we note that in the as-irradiated P453, QC, KUVI and KI samples  
concentrations of [AlO4]0 centers of ~9x1016 spins/cm3, ~2x1017 spins/cm3, ~1x1017 spins/cm3 
and ~3x1017 spins/cm3, respectively, were estimated (not reported in Table 6.1).  
From the data reported in Table 6.1, it is evident that the concentrations of E’γ and E’δ 
centers obtained by irradiation are higher in the most oxygen-deficient materials. However, while 
the concentration of E’δ centers changes in about the same proportion as the oxygen deficiency 
of the materials, this dependence is not respected in the case of the E’γ centers. This latter 
evidence agrees with the conjecture, already raised in literature (see Paragraph 2.3.1), that some 
precursor of this latter defect which is not oxygen-deficient could exist. At variance, for the E’δ 
centers a direct dependence on the oxygen deficiency has been put forward [122]. It is worth to 
note that the concentration of the radiation induced E’δ centers is uncorrelated with that of the 
[AlO4]0 centers in the four materials, indicating that this impurity center is not directly involved in 
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the E’δ centers generation process by γ-ray irradiation. So, the observation of an intense E’δ 
centers EPR signal in the spectrum of the P453 and QC samples (see Figure 6.2 for a P453/103) 
is connected with the very large intrinsic oxygen deficiency of these materials rather than to the 
large concentration of [AlO4]0 centers induced by irradiation. Furthermore, in a study not 
reported in the present Thesis, we have verified that a concentration of E’δ centers ≤ 6x1014 
spins/cm3 is induced by γ-ray irradiation at a dose of 104 kGy in the materials reported in Table 
4.1 (Chapter 4), but for P453 and QC, in agreements with the fact that in these materials the 
concentration of oxygen vacancies is ≤  5x1017 cm-3 [191]. 
Another information coming from the irradiation data reported in Table 6.1 concerns the 
triplet state center. In fact this point defect is observed in the same materials in which the E’δ 
centers is also induced. Furthermore, as reported in Paragraph 6.1.2, these two defects manifest 
similar growth curve with irradiation dose. These properties agree with the results of previous 
experimental investigations, as discussed in Paragraph 2.3.5, and suggest the existence of some 
correlation between these two centers. In particular, these features are compatible with the 
possibility, already raised in literature [120, 122, 123], that these two centers could originate from 
the same precursor site.  
At variance to the irradiation data above discussed, which seem to be not affected by the 
[AlO4]0 centers induced in the material, the thermal treatment experiments have permitted us to 
point out the relevant role played by these defects. In fact, as reported in Paragraph 6.12, a 
generation process is activated for temperatures higher than ~500 K which involves E’γ, E’δ and 
E’α centers, meanwhile the [AlO4]0 concentration decreases. It is worth to note that a growth 
process of defects concentration similar to the one reported in Figure 6.12 for the E’γ centers is 
usually observed in irradiated quartz, as discussed in Paragraph 2.2.5. In fact, in that case it has 
been found that for T∼500 K the E’1 center concentration grows in correspondence to the 
annealing of [AlO4]0 hole centers. By a detailed EPR analysis, a hole transfer process from [AlO4]0 
to the sites precursors of E’1 center was supposed to be responsible for these characteristic 
features [39]. The typical concentration curves of [AlO4]0 and E’1 during an isochronal thermal 
treatment of an irradiated quartz sample are reported in Figure 2.8. A strict correspondence is 
evident from the comparison between these curves and those obtained for the [AlO4]0 and E’γ 
centers in a-SiO2 reported in Figure 6.12. These strict analogies indicate that a similar process 
occurs in both systems and, by extension, they suggest that the growths of concentration of 
defects observed in a-SiO2 materials are due to a hole transfer process from the [AlO4]0 to the 
sites precursors of E’γ, E’δ and E’α centers.  
We note that the occurrence of this hole transfer process in the a-SiO2 samples 
considered in the present chapter, indicates that the thermally induced E’γ, E’δ and E’α centers are 
positively charged. This feature agrees with the results of previous investigations by capacitance-
voltage measurements and charge injection on the E’δ and E’γ centers induced in a-SiO2 films on 
crystalline Si (see Paragraphs 2.3.1 and 2.3.4) and indicates that the latter center consists in a 
positively charged oxygen vacancy (see Paragraphs 2.3.1). In addition, this experiment represents 
the first reported evidence of the positive charge state of the E’α center. 
As it is evident from the data reported in Table 6.1, the E’α center is induced upon 
irradiation only in QC and P453 whereas, upon subsequent thermal treatment, it is observed in all 
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the materials considered even if with different concentrations. In particular, a correlation exists 
between the concentration of E’α centers and the oxygen deficiency of the materials (see Table 
6.1), suggesting that the site precursor of the E’α center is oxygen-deficient. Furthermore, as it 
follows from inspection of the data reported in Table 6.1, the concentration of thermally induced 
E’α centers is significantly higher than the concentration of twofold coordinated Si defects in all 
the materials considered.(2) Consequently, it can be concluded that the E’α centers does not 
originate by electron capture nor by hole capture on a twofold coordinated Si, as suggested by 
Griscom [2] and Uchino [97, 121], respectively (see Paragraph 2.3.3). In addition, the former 
model disagrees also with the experimental evidences, discussed above, that the E’α centers is 
positively charged. It is worth to note that, at variance to the twofold coordinated Si, the 
concentration of oxygen vacancies is higher than the concentration of thermally induced E’α 
centers in all the materials considered (see Table 6.1). Consequently, it can be supposed that the 
E’α center could arise by hole capture by an oxygen vacancy. Further evidences on this 
hypothesis are discussed in the successive chapter in connection with the results we found on the 
strong hyperfine structure of this defect.  
An intriguing point concerns the curves of defects concentrations as a function of the γ-
ray irradiation dose reported in Figure 6.4. As shown, the concentration of E’δ centers is found to 
reach a constant value for doses higher than 102 kGy. Furthermore, a rough analysis on the 
irradiation data on the E’α centers has conducted to a similar result. In principle, the fact that for 
irradiation doses higher than 102 kGy the concentrations of E’δ and E’α centers remain constant 
could indicate that their precursors are exhausted and no other defects can be induced by further 
irradiation. However, in contrast with this picture, if a sample irradiated at a dose higher than 102 
kGy is subjected to a thermal treatment at temperatures above T≅500 K, the concentrations of 
E’δ and E’α centers start again to increase, indicating that the precursor sites of the defects were 
not exhausted. This apparent contradiction is clarified by the results of the reirradiation 
experiments. In fact, as reported in Paragraph 6.3, if an irradiated and thermally treated sample is 
subjected to reirradiation, then the concentrations of E’δ and E’α centers are reduced, returning 
to the values they had just after the first irradiation. This experimental evidence suggests that the 
limit values of concentrations of E’δ and E’α centers obtained for γ-ray irradiation doses higher 
than ~102 kGy is the result of an equilibrium between the irradiation process, which generates 
these defects, and some other process, which induces their disappearance. In this scheme, the 
increase of E’δ and E’α centers concentrations upon subsequent thermal treatment should be the 
consequence of the breaking of this equilibrium connected with the change of the process of 
defects generation. In particular, upon thermal treatment the E’δ and E’α centers concentrations 
increase, indicating that the process which induces the defects to disappear is weakened (or it is 
absent at all) with respect to the irradiation. In this context, it is worth to note that one of the 
most evident differences between the irradiation and the thermally induced hole transfer 
processes consists in the fact that while in the former electron-hole pairs are generated, in the 
                                                 
2 It is worth to note that, whereas the concentration of E’α centers were estimated in samples γ-ray irradiated at a 
dose of ~102 kGy, that of the twofold coordinated Si reported in Table 6.1 were obtained in the as-grown materials. 
However, by performing PL measurements on the 4.4 eV band in the irradiated samples, we verified that the 
irradiation at 102 kGy does not affect appreciably the concentration of twofold coordinated Si.   
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latter a selective hole migration should occur. In this regard, it is interesting to mention that the 
E’δ center has been found to be induced in larger concentration by selective hole injection than 
by X-ray irradiation in a-SiO2 films on crystalline Si [126]. Furthermore, in the same type of 
systems the electron capture cross section of the E’δ center has been determined, and it was 
found to be about one order of magnitude larger than that of the E’γ center [92, 127]. 
Consequently, the different concentrations of E’δ centers induced by irradiation and thermal 
treatment in the samples we considered in the present chapter could be attributed to the different 
efficiency of the E’δ electron capture process. In fact, it is expected to be efficient during 
irradiation, as a large number of electrons are available, whereas it should be substantially absent 
in the process of defects generation by thermally induced selective hole transfer from the [AlO4]0 
to the sites precursors of the E’δ centers. This effect is negligible for the E’γ center, as it possesses 
a sensibly lower electron capture cross section than the E’δ. In this scheme, although no 
experimental estimation of the electron capture cross section of the E’α centers has never been 
reported in literature, the quite similar results obtained in the reirradiation experiments for this 
defect and the E’δ center suggest that analogous comments apply to both of them.  
Summarizing, the cycle consisting in irradiation → thermal treatment → reirradiation can 
be described as follows. Upon γ-ray irradiation the E’δ and E’α centers concentrations grow up to 
a dose of ~102 kGy. For higher doses a constant concentration value is maintained, as a 
consequence of the establishment of an equilibrium between the radiation induced ionization of 
the sites precursors of the E’δ and E’α centers and the inverse process in which these defects, 
once formed, capture an electron and return to their pristine structures. Upon subsequent 
thermal treatment, a selective hole-migration process is activated and the concentrations of E’δ 
and E’α centers increase, as well as that of the E’γ, as no electron is available and consequently no 
electron capture process could occur. Finally, upon subsequent reirradiation of the sample, 
electrons are again available and the E’δ and E’α centers concentrations return to the values they 
had after the first irradiation, as imposed by the establishment of the equilibrium between the 
radiation-induced ionization of the sites precursors and the electron capture process by the 
generated defects.  
 
Chapter 7 
 
Investigation on the strong hyperfine structures 
of E’δ and E’α centers 
 
 
 
In the present chapter we report on the strong hyperfine structures of the E’δ and E’α 
centers. As discussed in the previous chapter, these defects are induced by γ-ray irradiation and 
by a successive thermal treatment in Al-containing oxygen-deficient materials. We consider the 
sample P453/103 thermally treated by isochronal steps in the range of temperatures from 333 K 
up to 1023 K, and many samples of KI, KUVI, QC and P453 materials γ-ray irradiated at a dose 
of 102 kGy and then isothermally treated at T=580 K and T=630 K. The effects of these thermal 
treatments on the paramagnetic point defects were reported and discussed in the previous 
chapter. In the present chapter the role of the thermal treatments is to enhance the concentration 
of E’δ and E’α centers in order to make the usually weak EPR signal of their hyperfine structures 
more easily detectable. Furthermore, another advantage of making use of thermal treatments is 
that, whereas the EPR signals of the E’ centers and of their hyperfine structures increase, those 
arising from the [AlO4]0 and from other not concerned paramagnetic centers decrease, so making 
the identification and the analysis of the hyperfine structures of the E’δ and E’α centers simpler.  
  
 
 
 
7.1 The 10 mT doublet 
 
7.1.1 Correlation between the 10 mT doublet and the E’δ center 
 
In the isochronal thermal treatment experiment of the sample P453/103 [see Figure 6.12 
(Chapter 6)], the 10 mT doublet was isolated in the SH-EPR spectra for temperature from 450 K 
to 650 K, as shown in Figure 7.1 (b) for T=580 K. In the same spectrum the 7.4 mT doublet is 
also evident, attributed to a point defect with a structure similar to that of the E’γ but involving 
an H atom [81]. Due to the superposition of many EPR lines, a fit procedure was necessary to 
estimate the SH-EPR signal of the 10 mT pair, in which the right and the left components of the 
10 mT doublet were analyzed separately. The procedure used to fit the hyperfine spectra is 
illustrated in Figure 7.1 (c) for the right part of the spectrum. We have found that the 
experimental line can be properly fitted by a superposition of three Gaussian profiles: one 
describes the tail on the left of the spectra, while the other two Gaussians take into account the 
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right components of the 7.4 mT and of the 10 mT doublets. Finally, the SH-EPR intensity of the 
right component of the 10 mT doublet was obtained by simple integration of the Gaussian 
profile peaked at ∼354 mT. With a similar procedure the SH-EPR signal intensity of the left 
component was also estimated, and the total intensity was obtained by summing the 
contributions of both components. In addition, this fit procedure has permitted us to estimate 
that the low- and the high-field components of the 10 mT doublet have a full width at half 
maximum (FWHM) of ~1.7 mT and ~1.66 mT, respectively. In Figure 7.1 (a) the dependence of 
the SH-EPR intensity of the 10 mT doublet on the isochronal thermal treatment temperature is 
compared to the concentration of the E’δ centers, estimated from FH-EPR measurements by 
using a fit procedure similar to that reported in Figure 6.10 (Chapter 6). As shown, a quite good 
correlation is found, suggesting that the two EPR signals are correlated.  
The study of the correlation between the 10 mT doublet and the E’δ center has been 
extended to many samples of KUVI, QC and P453 materials γ-ray irradiated at ~102 kGy and 
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Figure 7.1  P453/103: (a) E’δ center concentration (left vertical scale) and 10 mT doublet SH-EPR 
signal intensity (right vertical scale) as a function of the isochronal thermal treatment temperature. 
(b) SH-EPR spectrum of the 10 mT doublet acquired after thermal treatment at T=580 K. (c) Right 
side of the spectrum reported in (b) (continuous line) compared to the line obtained as a weighted 
sum (circles) of three Gaussian profiles (broken lines).  
  
Gianpiero Buscarino                                               Chapter 7: Investigation on the strong hyperfine structures of E’δ and E’α centers 
 115
isothermally treated at T=580 K and T=630 K. Similar studies were also attempted in the KI 
materials. However, a quantitative analysis was prevented due to the weakness of the 10 mT 
doublet SH-EPR signal observed in this latter material. The results obtained in the study of the 
10 mT observed in the isothermally treated KUVI, QC and P453 samples are summarized in 
Figure 7.2, in which the SH-EPR intensity of the 10 mT doublet is reported as a function of the 
E’δ center concentration. As shown, a quite good correlation is found in three distinct materials 
and for an overall variation of the defects concentration of about one order of magnitude, 
definitively supporting the attribution of the 10 mT doublet to the strong hyperfine structure of 
the E’δ center.  It is worth to note that in these experiments, in order to avoid a possible 
contribution under the 10 mT doublet arising from the transitions |ms=-1> ↔ |ms=0> and 
|ms=0> ↔ |ms=+1> of the triplet state center, before acquiring the 10 mT doublet spectra we 
have verified that the g ≅ 4 resonance was absent, assuring that the thermal treatments had 
annealed the triplet centers.  
 
 
 
Figure 7.2  SH-EPR signal of the 10 mT doublet as a function of the concentration of defects 
responsible for the main resonance line of the E’δ center in P453, KUVI and QC samples γ-ray 
irradiated at ~102 kGy and subjected to isothermal treatments at T=580 K and T= 630 K. The 
dimensions of the symbols are comparable with the error on the measurements. The straight line, 
with slope 1, is superimposed to the data, for comparison. 
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7.1.2 Estimation of the ratio between the concentrations of defects 
responsible for the 10 mT doublet and the E’δ main line 
 
As discussed in Paragraph 2.3.4, the E’δ center microscopic structure is still not univocally 
determined. In particular, it has been proposed that the unpaired electron involved in this defect 
could be localized on a single Si atom, or delocalized over two or four Si atoms. In this context, a 
direct experimental estimation of the number of Si atoms over which the unpaired electron wave 
function is delocalized could be determinant to identify the actual microscopic structure of this 
point defect of a-SiO2. This information can be obtained from the comparison between the 
concentration of defects responsible for the 10 mT doublet and those responsible for the main 
resonance line of the E’δ center. By using Eq. (1.26) it follows that if one supposes that the 
unpaired electron wave function of the E’δ center is delocalized over n equivalent Si atoms, then 
the probability to observe the 10 mT doublet, which corresponds to observe a defect in which 
only one of the n involved Si atoms possesses a non zero nuclear spin, is given by (see Paragraph 
1.1.3.1)  
 
                                      ( ) ( )( ) 1n0.04710.047nn,0.0471;P --=    (7.1) 
 
Similarly, the probability to observe the main resonance line of the E’δ center, which corresponds 
to observe a defect in which all the n involved Si atoms possess zero nuclear spin, is given by 
 
                                              ( ) ( )n0.0471n,0.0470;P -=     (7.2) 
 
The ratio ζ (n) between these two probabilities is  
 
                                         
( )
( )
( )
( )0.0471
0.047
n
n,0.0470;P
n,0.0471;P
ζ(n)
-
==     (7.3) 
 
Eq. (7.3) points out that the concentration of defects responsible for the 10 mT doublet is 
proportional to that of defects responsible for the main resonance line of the E’δ center and that 
the coefficient of proportionality between these two concentrations depends on the number n of 
Si atoms over which the unpaired electron wave function is delocalized. Consequently, by 
determining experimentally the value of this proportionality coefficient, the number of Si atoms 
involved in the E’δ center can be determined.  
In order to obtain an experimental estimation of the concentration of defects responsible 
for the 10 mT doublet we have performed FH-EPR measurements in the γ-ray irradiated and 
thermally treated Al-containing samples. We have found that, upon thermal treatment, nearly in 
correspondence of the maximum concentration of E’δ centers obtained, the FH-EPR signal of 
the 10 mT doublet is actually detectable. A typical FH-EPR spectrum for the right component of 
this doublet is reported in Figure 7.3, as acquired by using Pin = 2.5 x 10-2 mW, νm = ωm/2π = 
100 kHz and Hm = 0.5 mT.  It has been obtained in a  sample  KUVI/102 isothermally  treated at  
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T=630 K  for  510 s   (continuous  line). To  assure  that   the  FH-EPR  signal  acquired   at  this 
microwave power level is not saturated we have studied the saturation properties of the FH-EPR 
signal of the 10 mT doublet. This study is reported in Figure 7.4, as obtained in the sample 
P453/103 after isochronal thermal treatments up to 580 K. In this figure, the result of the same 
study performed for the 42 mT doublet in a sample EQ906/103 [already presented in Figure 5.9 
(Chapter 5)] is also reported, for comparison. As shown, the 10 mT and the 42 mT doublets 
share virtually identical properties with microwave power, as already pointed out for the main 
resonance lines of the E’γ and E’δ centers [see Figures 6.3 and 6.11 (Chapter 6)].  
352 354 356 358
Magnetic field (mT)
 Experimental spectrum
 Fit result(a) 
(b) 
(c) 
(d) 
10 mT 
7.4 mT 
Gaussian derivative tail 
Figure 7.3  (a) FH-EPR spectrum for a sample KUVI/102 isothermally treated at T=630 K for 
510 s (continuous line) compared to the line obtained as a weighted sum (circles) of the reference 
lines (b)-(d). 
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Once the experimental parameters for a reliable detection of the unsaturated FH-EPR 
signal of the 10 mT were established, they were used to estimate the concentration of defects 
responsible for this structure in many samples of KUVI, P453 and QC materials γ-ray irradiated 
at ~102 kGy and isothermally treated at T=580 K and T=630 K. Similar studies were also 
attempted in the KI material. However, the FH-EPR signal of the 10 mT doublet was not 
observed, due to the very low concentration of E’δ defects induced in this material [see Table 6.1 
(Chapter 6)]. The result obtained in isothermally treated samples of KUVI, P453 and QC are 
summarized in Figure 7.5, in which we report the concentration of defects responsible for the 10 
mT doublet as a function of the concentration of defects responsible for the main resonance line 
of the E’δ center, both estimated by FH-EPR measurements. Three straight lines are also shown 
in the figure, obtained from Eq. (7.3) assuming n=1, n=2 and n=4. These three n values are 
those pertaining to the various microscopic structures so far proposed for the E’δ center (see 
Paragraph 2.3.4). As shown in Figure 7.5, the experimental data follow the dependence predicted 
on the basis of the Eq. (7.3) for n=4, indicating that the unpaired electron involved in the E’δ 
center is actually delocalized over four nearly equivalent Si atoms. Performing a linear fit of the 
experimental data reported in Figure 7.5, we have obtained an estimation of the slope of the 
straight line, which represents the concentrations ratio between the detects responsible for the 10 
mT doublet and the main resonance line of the E’δ center. With this procedure we obtained ζexp 
= 0.18 ± 0.03, in agreement with the value ζ (n=4) = 0.197 expected for an unpaired electron 
delocalization over four Si atoms. 
 
 
Figure 7.4  Saturation with microwave power of the FH-EPR signal of the right component of the 
10 mT doublet (stars) obtained in a sample P453/103 isochronally thermally treated up to 580 K. 
The results obtained for the 42 mT doublet (circles) in a sample EQ906/103 are also reported, for 
comparison. The linear dependence of the squared FH-EPR signal as a function of Pin is evidenced 
by the straight line.  
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7.1.3 Discussion  
 
The results reported in the previous paragraphs for the E’δ center confirm that its strong 
hyperfine structure consists in a pair of lines split by 10 mT. Furthermore, we have determined 
that the ratio between the concentration of defects responsible for the 10 mT and that of defects 
responsible for the main resonance line of the E’δ center is ζexp = 0.18 ± 0.03, indicating that the 
unpaired electron wave function involved in the defect is delocalized over four equivalent Si 
atoms, for which it is expected ζ (n=4) = 0.197.  This result agrees with the model proposed by 
Zhang and Leisure (4-Si atoms) [123], in which the E’δ center has been proposed to consist in an 
unpaired electron delocalized over the four sp3 hybrid orbitals of the Si atoms involved in a pair 
of nearby oxygen vacancies.  
At variance, the value we obtained for ζexp definitively rules out that the E’δ center could 
consist in a ionized single oxygen vacancy (2-Si model). This structural model has been supported 
by several computational works giving as a result a 29Si hyperfine splitting compatible with that of 
the E’δ center (see Paragraph 2.3.4). However, the expected value of ζ for this defect is 0.099, in 
disagreement, beyond any experimental uncertainty, with the value we have estimated. So, if this 
defect really exists in a-SiO2, it should be well distinguishable from the E’δ center. Furthermore, 
Figure 7.5  Concentration of defects responsible for the 10 mT doublet as a function of the 
concentration of defects responsible for the main resonance line of the E’δ center in P453, KUVI 
and QC samples γ-ray irradiated at ~102 kGy and subjected to isothermal treatments at T=580 K 
and T= 630 K. The dimensions of the symbols are comparable with the error on the measurements. 
The straight lines obtained from Eq. (7.3) for n=1, n=2 and n=4  are superimposed to the data, for 
comparison. 
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we note that, owing to its axial symmetry, the EPR signal of the ionized single oxygen vacancy 
should be different from that of E’δ center and more similar to that of E’γ.  
Again on the basis of the value of ζexp, a more strong disagreement is found for the model 
proposed by Conley and Lenahan [145], in which  the E’δ center has been supposed to consist in 
an unpaired electron localized on a single Si atom (1-Si model), similarly to the E’γ center. In this 
case, in fact, the expected value of ζ is 0.049, in disagreement with the value of ζexp = 0.18 ± 0.03 
we obtained. Similar comments apply to the model proposed by Vanheusden and Stesmans [142, 
143], in which it has been suggested that the E’δ center could consist in an unpaired electron 
wave function resulting from the superposition of four sp3 orbitals of the Si atom disposed at the 
center of a 5-Si cluster (5-Si model). However, in this case it is possible to propose a 
complementary view in which the unpaired electron is supposed to be delocalized over the four 
outermost Si atoms of the 5-Si cluster, with the overall unpaired electron wave function 
a) 
b) 
c) 
d)
e)
f)
Si 
O 
Figure 7.6  4-Si model for the site precursor of E’δ and triplet centers (a), for the E’δ center (b) 
and for the triplet center (c). 5-Si model for the site precursor of E’δ and triplet centers (d), for the 
E’δ center (e) and for the triplet center (f). Arrows represent unpaired electrons in Si-sp3 orbitals. 
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composed by the four sp3 orbitals of these atoms. In this latter scheme, the expected value of ζ  
is 0.197, in agreement with our estimation.  
Summarizing, our results suggest that the E’δ center originates from ionization of a 
precursor site consisting in a pair of nearby oxygen vacancies [Figure 7.6 (a)] or in a 5-Si cluster 
[Figure 7.6 (d)]. In particular, after the ionization of the precursor site, a dynamical relaxation 
occurs and the remaining unpaired electron becomes delocalized over four symmetrically 
disposed Si-sp3 orbitals of a pair of nearby oxygen vacancies [Figure 7.6 (b)] or of a 5-Si cluster 
[Figure 7.6 (e)]. We stress that our conclusions on the microscopic structure of the E’δ center 
agree with the main experimental evidences of this defect, as described in the following. The g 
tensor is nearly isotropic, as expected for a delocalized highly symmetric electronic wave 
function. The hyperfine splitting of the E’δ center is ∼4 times smaller than that of E’γ center (10 
mT ≈ ¼ · 42 mT), due to delocalization of the unpaired electron over four Si-sp3 orbitals each 
one similar to that involved in the E’γ center. The ratio between the concentration of defects 
responsible for the 10 mT and that of defects responsible for the main resonance line of the E’δ 
center is ζexp ~ 0.18. This is the consequence of the existence of four nearly equivalent sites of 
the defect in which the 29Si can be localized. Finally, the different depth profiles of E’δ and E’γ 
centers observed in SIMOX samples (see Paragraph 2.3.4) are a direct consequence of the higher 
oxygen deficiency needed for the formation of the precursors of the E’δ (two nearby oxygen 
vacancies or a small Si cluster) with respect to the E’γ centers (single oxygen vacancy).  
As a final remark, we note that in the previous chapter evidences have been reported on 
the concomitant production of E’δ and triplet centers and on their similar concentration growth 
as a function of the γ-ray irradiation dose, indicating that some correlation between these point 
defects could exist. In particular, on the basis of these experimental evidences, it can be supposed 
that the E’δ and the triplet centers could share the same precursor site, as already proposed in 
previous works (see Paragraph 2.3.5). Under this hypothesis, our results suggest that the triplet 
state center could consist in two weakly interacting unpaired electrons localized in two different 
Si sp3 orbitals of a pair of nearby oxygen vacancies [Figure 7.6 (c)] or of a 5-Si cluster [Figure 7.6 
(f)]. In this scheme, a single and a double ionization of the same precursor site could be the 
processes responsible for the generation of the E’δ and the triplet center, respectively.  
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7.2 The 49 mT doublet 
 
7.2.1 Correlation between the 49 mT doublet and the E’α center 
 
In the γ-ray irradiated and thermally treated samples we have looked for the hyperfine 
structure of the E’α center. We have found that in the samples in which the E’γ main resonance is 
detected and that of the E’α is absent, a pair of lines split by 42 mT is observed, whose 
spectroscopic features coincide with those attributed to the hyperfine structure of the E’γ center. 
At variance, in the samples in which both E’γ and E’α main EPR lines are detected, the hyperfine 
spectra show a composite nature. This experimental evidence is shown in Figure 7.7 in which the 
SH-EPR spectrum (continuous line) obtained for a sample KUVI/102 isothermally treated at 
T=630 K for ~7x104 seconds is reported. In order to account for these features the hyperfine 
spectra were fitted with a weighted sum (circles) of two pairs of lines split by 42 mT and 49 mT 
(broken lines), as shown in Figure 7.7. The 42 mT doublet considered in the fit was obtained 
experimentally in a sample EQ906/5 (in which E’γ but no E’α centers are induced), whereas the 
pair split by 49 mT was obtained from the residual signal after the fitting of the experimental 
spectrum of Figure 7.7 with the 42 mT doublet alone. The spectral properties of the 42 mT 
doublet obtained in the EQ906/5 coincide with those reported in the first row of Table 5.1 for 
the E’γ, whereas from the fit procedure reported in Figure 7.7 we have estimated that the low- 
and the high-field components of the 49 mT doublet have a FWHM of ~4.5 mT and ~4 mT, 
respectively. These values are about 25 % larger than those of the 42 mT doublet components 
(see first row in Table 5.1), suggesting a wider statistical distribution of the isotropic hyperfine 
constant. Once the line shapes of the 42 mT and 49 mT doublets were determined, they were 
used to fit the experimental hyperfine spectra obtained in all the other materials considered.  
Figure 7.7  SH-EPR spectrum on a wide field scan obtained for a sample KUVI/102 isothermally 
treated at T=630 K for ~7x104 s (continuous line) compared to the line obtained as a weighted sum 
(circles) of the reference lines for the 42 mT and 49 mT doublets (broken lines). 
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In Figure 7.8 we report the concentrations of E’γ and E’α centers estimated in the sample 
P453/103 as a function of the isochronal thermal treatment temperature. In the same figure, the 
SH-EPR signal intensities of the 49 mT and 42 mT doublets are also shown and point out that 
the former correlates with the concentration of E’α center, whereas, as expected, the latter 
correlates with the concentration of E’γ center. This study was extended to many samples of KI, 
KUVI, P453 and QC materials γ-ray irradiated at ~102 kGy and isothermally treated at T=580 K 
and T=630 K. The results obtained are summarized in Figure 7.9, in which we report the SH-
EPR signal intensity of the 49 mT doublet as a function of the concentration of defects 
responsible for the main resonance line of the E’α center in all the considered samples subjected 
to different thermal treatments. As shown, the SH-EPR intensity of the 49 mT doublet and the 
concentration of the E’α center change in a strictly correlated way, supporting the attribution of 
the 49 mT pair to the hyperfine structure of the E’α center, originating from the hyperfine 
interaction of the unpaired electron with a 29Si nucleus.   
The attribution of the 49 mT doublet to the hyperfine structure of the E’α center has 
been also investigated by measuring the relative concentration of defects responsible for the 49 
doublet with respect to the main resonance line of the same center. However, a complete study 
over a large number of samples subjected to different treatments was not possible due to the low 
concentration of defects which prevents the FH-EPR signal of the 49 mT doublet to be detected. 
For these reasons we have considered a QC sample with about double volume with respect to 
the typical samples considered. This sample was γ-ray irradiated at a dose of ~102 kGy and was 
isothermally treated at T=630 K up to 5x104 s in order to obtain the maximum concentration of 
E’α centers. In this sample a weak FH-EPR signal arising from the left-component of the 49 mT 
Figure 7.8 Concentration of E’γ and E’α centers in the sample P453/103 as a function of the 
isochronal thermal treatment temperature compared with the intensities of the 42 mT and 49 mT 
doublets SH-EPR signals. Filled symbols refer to the left scale, whereas open symbols refer to the 
right scale. 
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doublet has been observed by using the same acquisition parameters established for the 42 mT 
doublet. This choice followed the assumption that the 49 mT and 42 mT doublets FH-EPR 
signals dependencies on microwave power were similar. Finally, by applying a fit procedure to the 
obtained FH-EPR spectrum, we have verified that the  relative concentration of defects 
responsible for the 49 mT doublet with respect to those responsible for the main resonance line 
of the E’α center is ~5 %, in agreement with the ~4.7 % natural abundance of 29Si nuclei. 
 
 
 
7.2.2 Discussion 
 
The results reported in the previous paragraph for the E’α center have permitted us to 
point out that the strong hyperfine structure of this point defect consists in a pair of lines split by 
49 mT. Furthermore, we have found indication that the ratio between the concentration of 
defects responsible for the 49 mT and that of defects responsible for the main resonance line of 
the E’α center is ~ 0.05, suggesting that the unpaired electron wave function involved in the 
defect is localized on a single Si atom.  
In the previous chapter we have found evidence that the E’α center is a positively charged 
oxygen-deficient defect. Furthermore, our results do not support the E’α structural models 
consisting in a twofold coordinated Si having trapped or lost an electron, as previously suggested 
by Griscom in 2000 [2] and by Uchino et al. [97, 121], respectively (see Paragraph 2.3.3). In fact, 
Figure 7.9  SH-EPR signal of the 49 mT doublet as a function of the concentration of defects 
responsible for the main resonance line of the E’α center in KI, KUVI, P453 and QC samples γ-ray 
irradiated at ~102 kGy and subjected to isothermal treatments at T=580 K and T= 630 K. The 
straight line, with slope 1, is superimposed to the data, for comparison. 
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the concentration of E’α centers induced in all the materials considered is larger than the 
concentration of twofold coordinated Si estimated in the as-grown materials [see Table 6.1 
(Chapter 6)].  
Alternatively, it can be supposed that the E’α center could originate from a hole trapped 
in a single oxygen vacancy. In this frame, since we exclude that, upon the isothermal treatment at 
T=630 K which generates the E’α centers, oxygen atoms can be moved out from their regular 
site in the a-SiO2 matrix, as suggested in the model proposed by Griscom in 1984 [79], we 
conclude that only oxygen vacancies already present in the material before the thermal treatment 
are involved in the generation process of the E’α centers. This conclusion agrees with the fact, 
noted in the discussion at the end of the previous chapter, that the overall concentration of the 
induced E’α centers has been found to be lower than the concentration of oxygen vacancies in all 
the as grown materials considered.  
The strict similarity of the E’γ and E’α centers hyperfine structures suggests that similar 
Si-sp3 hybrid orbitals are involved in the two defects. On the other hand, the orthorhombic 
components of the E’α center gˆ  tensor could indicate that a weak interaction of the unpaired 
electron with the atoms disposed close to the defect occurs. In order to take into account these 
two properties, we suggest that the microscopic structure of the E’α center could consist in a hole 
trapped in an oxygen vacancy with the unpaired electron sp3 hybrid orbital pointing away from 
the vacancy in a back-projected configuration and interacting with an extra oxygen atom of the a-
SiO2 matrix. In Figure 7.10 schematic representations of the E’α center (b) and of its precursor 
Si
Oa) 
b) 
Figure 7.10  (a) Oxygen vacancy with a nearby O atom. (b) Back projected dangling bond structure 
proposed to account for the E’α center, supposed to originate from (a) by ionization of the Si-Si 
bond. Arrow represents an unpaired electron in an Si-sp3 orbital. 
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site (a) are presented. The former is supposed to originate from the latter by ionization of the Si-
Si bond. The existence in a-SiO2 of a microscopic structure similar to the one we propose for the 
E’α center has been previously suggested on the basis of experimental [47] and theoretical [88] 
studies. In particular, it is worth to note that in the latter study, on the basis of embedded cluster 
calculations, an hyperfine constant of ~48.9 mT [88] was calculated, in excellent agreement with 
our experimental observations.  
 
Chapter 8 
 
Conclusions and suggestions  
for further investigations 
 
 
 
In the present Ph.D. Thesis we have reported an experimental investigation on the 
microscopic structures of the E’γ, E’δ, E’α and triplet state point defects in a-SiO2. This study has 
been performed by investigating the effects of γ- and β-ray irradiation and of subsequent thermal 
treatment on many types of materials differing for the processing methods, OH- and Al-contents, 
and oxygen deficiencies. In the following we summarize the main experimental results reported 
in the present Thesis and we derive from them some suggestions for further investigations.   
 
 
 
 
 
8.1 Hole transfer process between the [AlO4]
0 centers to the 
sites precursors of the E’ centers 
 
Our investigation on the effects of thermal treatments on γ-ray irradiated Al-containing 
oxygen-deficient a-SiO2 has permitted us to point out that a growth of concentration of E’γ, E’δ, 
E’α centers occurs for temperatures higher than ∼500 K. The strict correspondence observed in 
the concentration growth curve of the E’γ centers in the materials we have considered and that 
typically observed for the E’1 centers in α-quartz suggests that the same process occurs, which 
could consist in a thermally activated hole transfer process from the [AlO4]0 to the sites 
precursors of the E’ centers. It is worth to note that, while in α-quartz this process involves only 
the E’1 centers, in a-SiO2 it involves the E’γ, E’α and E’δ centers. In  particular, while the E’γ 
center in a-SiO2 should correspond to the E’1 center of α-quartz, the latter two defects are 
peculiar to the amorphous structure and have no equivalent in α-quartz. The occurrence of the 
hole transfer process indicates that the thermally induced defects in a-SiO2 are positively charged.  
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8.2 The E’γ center 
 
The experimental investigation on γ-ray irradiated and thermally treated a-SiO2 reported 
in Chapter 5, has permitted us to point out that two structures of the E’γ center, named E’γ (1) 
and E’γ (2) centers, can be distinguished on the basis of their EPR and OA features. We have 
found that in the natural dry and wet and in the synthetic dry materials for γ-ray irradiation doses 
lower than ~10 kGy and higher than ~103 kGy the E’γ (1) and E’γ (2) centers are observed, 
respectively, whereas in the synthetic wet materials only the E’γ (2) is detected for all the 
irradiation doses considered. On the basis of these data we have concluded that two distinct 
precursors of the E’γ center exist in a-SiO2: the first one, with lower radiation activation energy, 
originates the E’γ (1), the second one, with higher radiation activation energy, originates the E’γ 
(2).  Furthermore, we have found that in all the four types of materials the spectral features of the 
E’γ (2) convert to those of the E’γ (1) upon isochronal thermal treatments in the temperature 
range from 370 K to 460 K. During these thermal treatments a good correlation has been found 
between the variation of the ∆g1,2 in the EPR spectra and that of the peak position of the OA 
band of the E’γ center. On the basis of this experimental evidence and making use of the broken 
tetrahedron structural model, we have found indications that the OA transition of the E’γ center 
is localized in the O≡Si• moiety and that it consists in an electron transition from a valence band 
state to the orbital of the unpaired electron of the defect.  In addition, we have suggested that the 
different spectral features of the E’γ (2) center with respect to those of the E’γ (1) center could 
arise from the perturbative effect of the structure facing the O≡Si• moiety of the defect on the 
unpaired electron wave function. In this scheme, a tentative model for the E’γ (2) center could be 
that of the positively charged oxygen vacancy, which comprises a structure facing the unpaired 
electron wave function constituted by the +Si≡O group. In these hypothesis, the thermally 
induced change of the EPR and OA features of the E’γ (2) toward those of the E’γ (1) could be 
connected with the relaxation of the +Si≡O group, which reduces (or cancels at all) its 
perturbative effect on the unpaired electron wave function. Since the EPR and OA features of 
the E’γ (1) center are virtually indistinguishable with respect to those reached by the E’γ (2) center 
after isochronal thermal treatment up to 460 K, it is natural to assume that this facing +Si≡O 
structure is absent in the E’γ (1) center. In particular, it can be supposed that the E’γ (1) center 
originates from an O≡Si-H group embedded in the a-SiO2 matrix, following the radiation-
induced breaking of the Si-H bond and the subsequent diffusion of the H atom away from its 
initial site. The occurrence of this E’γ centers generation process in a-SiO2 has been previously 
suggested on the basis of UV laser irradiation experiments [110, 111, 192-196]. It is worth to note 
that the attribution of the E’γ (2) center to the positively charged oxygen vacancy model is also 
supported by the data obtained upon thermal treatment of Al-containing oxygen-deficient a-SiO2 
materials, reported in Chapter 6. In that case, in fact, since the E’γ centers are induced by a hole 
transfer processes, their most probable structure is that of a positively charged oxygen vacancy. 
In agreement with this hypothesis, the reirradiation experiments have pointed out that a line 
shape change from L1 to L2 occurs, indicating that the E’γ centers induced by thermal treatments 
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possess the two configuration minima corresponding to the observation of L1 or of L2 EPR line 
shapes, peculiar of the E’γ (2) center. However, at present, the specific structures above attributed 
to the E’γ (1) and E’γ (2) centers have to be considered only as tentative, waiting for new 
experiments giving further and more reliable validations of these attributions.  
 
The experimental investigation on β-ray irradiated and thermally treated a-SiO2 reported 
in Chapter 5 has pointed out that a gradual increase of the splitting of the E’γ strong hyperfine 
structure takes place on increasing the dose above 104 kGy, indicating that an increase of the 
mean bond angle between the dangling bond orbital and the three Si-O back bonds of the O≡Si• 
moiety occurs. These data agree with those reported by Devine and Arndt [187] for γ-ray 
irradiated pressure-densified a-SiO2 materials, suggesting that the β-ray irradiation could induce a 
densification of the materials. Assuming that a one to one correspondence exists between the 
effects of the mechanical densification studied by Devine and Arndt [187] and those induced by 
β-ray irradiation in the materials we considered, a radiation-induced densification of about 3 % 
has been estimated to occur in the β-ray irradiation dose range from 104 kGy up to 5x106 kGy. 
This result agrees with those previously obtained on the basis of Raman [188] and IR absorption 
[189] studies performed in the same materials. In the future, further support to these conclusions 
could be obtained by comparing the degree of densification estimated through the study of the 
splitting of the E’γ center strong hyperfine structure and by Raman and IR absorption 
spectroscopies with those obtained by direct density measurements. Another possible extension 
of the present study concerns the effects of β-ray irradiation in the dose range from 104 kGy up 
to 5x106 kGy on the OA band of the E’γ center. In fact, the study of the modifications induced 
on the 5.8 eV band when the microscopic structure of the E’γ center is distorted by irradiation 
could give further insight on both the nature of the transition responsible for the OA band and 
the atomic structure of the defect.  
 
 
 
8.3 The E’δ center 
 
In Chapter 6 we have reported evidences confirming that the E’δ center is related to the 
oxygen deficiency of the material and that it is positively charged. In particular, this latter result 
extends to bulk systems a conclusion drawn in previous works focused on a-SiO2 films on 
crystalline Si. In Chapter 7 we have confirmed that the strong hyperfine structure of the E’δ 
center consists in a pair of lines split by 10 mT, and we have estimated that the ratio between the 
concentration of defects responsible for this doublet and that of defects responsible for the main 
resonance line of the E’δ center is ζexp = 0.18 ± 0.03. This estimation has permitted us to rule out 
that this defect could consist in an unpaired electron localized on a single Si atom [145] or nearly 
equally shared between the two Si atoms of a single oxygen vacancy [56, 88, 89, 96, 108, 122, 153, 
154]. At variance, the value we obtained for ζexp indicates that the E’δ center consists in an 
unpaired electron delocalized over four symmetrically disposed Si-sp3 orbitals of a pair of nearby 
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oxygen vacancies [123] or of a 5-Si cluster. In addition, since we have observed that E’δ and 
triplet centers are induced in the same materials and since their growth curves as a function of the 
γ-ray irradiation dose reach a constant value in correspondence to the same dose, we have 
supposed that these two defects could share a common precursor site. Under this hypothesis we 
have suggested that the triplet state center could consist in two weakly interacting unpaired 
electrons localized in two different Si-sp3 orbitals of a pair of nearby oxygen vacancies [123] or of 
a 5-Si cluster. So, a single and a double ionization of the same precursor site could be the 
processes responsible for the generation of the E’δ and the triplet center, respectively. 
Our study on the microscopic structure of the E’δ center could be further developed by 
investigating its weak hyperfine lines, arising from the hyperfine interaction of the unpaired 
electron involved in the defect with the second nearest Si atoms. Until now, the observation of 
these structures has never been reported. However, their identification and the estimation of their 
hyperfine splittings could give a relevant improvement on the knowledge of the structural 
properties of the E’δ center.  
Another point not investigated in the present Thesis which deserves attention in future 
works concerns the OA and PL properties of the E’δ center. Although in a previous experimental 
work [124] it has been suggested that the E’δ center could be responsible for a PL band peaked at 
2.2 eV excited at 3.8 eV, no further confirmation of this result has been reported. Consequently, 
the OA and PL properties of the E’δ center are at the present not definitively established. In the 
future, the investigation of these properties could provide relevant information on the electronic 
energy levels of the defect, helping to obtain a definitive picture of the E’δ center microscopic 
structure. Similar comments apply to the triplet state center, for which until now no OA and PL 
data have been reported.  
As a final remark, we note that a further extension of the study reported in the present 
Thesis for the E’δ center could consist in the study of the effects of β-ray irradiation for doses 
higher than 104 kGy on its strong hyperfine structure. In fact, in analogy to what observed for the 
E’γ center, an increase of the hyperfine splitting could occur, connected with the β-ray 
irradiation-induced densification of the material. As a successive step, by measuring the increase 
of the hyperfine splitting for the E’δ center and by comparing it with that pertaining to the 
hyperfine structure of the E’γ center, further relevant structural information on the E’δ center 
could be obtained.  
 
 
 
8.4 The E’α center 
 
Concerning the E’α center, in Chapter 6 we have pointed out that it is related to the 
oxygen-deficiency of the material and that it is positively charged. Furthermore, in Chapter 7 we 
have established that it possesses a strong hyperfine structure consisting in a pair of lines split by 
49 mT. In addition, we have found indication that the ratio between the concentration of defects 
responsible for the 49 mT doublet and that of defects responsible for the main resonance line of 
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the E’α center is about 0.05, suggesting that the unpaired electron wave function involved in the 
defect is localized on a single Si atom. Our data have excluded that the E’α center could consist in 
a twofold coordinated Si having trapped or lost an electron, as previously suggested by Griscom 
in 2000 [2] and by Uchino et al. [97, 121], respectively, as the concentration of E’α centers 
induced in all the materials considered has been found to be larger than the concentration of 
twofold coordinated Si estimated in the as-grown materials. In contrast, our results have 
suggested that the E’α center could originate from an oxygen vacancy. Furthermore, the 
similarities in the strong hyperfine structures of the E’α and E’γ centers together with the 
orthorhombic symmetry of the E’α center gˆ  matrix have permitted us to hypothesize that this 
latter defect could consist in a hole trapped in an oxygen vacancy with the unpaired electron Si-
sp3 orbital pointing away from the vacancy in a back-projected configuration and interacting with 
an extra oxygen atom of the a-SiO2 matrix. This model is consistent with a previous work, based 
on embedded cluster calculations [88], where an hyperfine constant of ~48.9 mT  has been 
obtained for such a structure. 
Although the observation of the strong hyperfine structure of the E’α center has 
permitted us to obtain one of the most relevant information on its microscopic structure, i.e., 
that the unpaired electron wave function consists of an Si-sp3 hybrid orbital similar to that 
involved in the E’γ center, many other relevant properties remain unexplored. One of these is the 
weak hyperfine structure of the E’α center. This point is particularly relevant in the light of the 
microscopic model we proposed for the E’α center. In fact, it has been shown that, as a 
consequence of the back projected configuration of the O≡Si• moiety involved in the E’α center, 
the weak hyperfine lines are expected to exhibit a very small splitting [47]. In particular, this 
splitting should be significantly lower than ~0.8 mT, which is the value characterizing the weak 
hyperfine doublets of the E’1 center in α-quartz. Consequently, the observation of the weak 
hyperfine lines of the E’α center and the estimation of their splitting could constitute a 
straightforward way to establish if the E’α center actually consists in a dangling bond structure in 
a back projected configuration.  
Another important point which deserves to be investigated in future works regards the 
OA properties of the E’α center, which are at present unknown. On the basis of the quite similar 
structures of the E’γ and E’α centers and assuming, as concluded in Chapter 5, that the OA band 
of the former is localized on the O≡Si• moiety, then it is expected that the E’α center should 
exhibit an OA band very similar to that of the E’γ center. Furthermore, in analogy with the 5.8 eV 
band, no luminescence activities should be related to the OA band of the E’α center.  
Finally, in future works we plan to perform experimental investigations on the effects of  
β-ray irradiation for doses higher than 104 kGy on the strong hyperfine structure of the E’α 
center, in order to study how the β-ray irradiation-induced densification of the material affects 
the E’α center microscopic structure.  
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